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1 Uniform Convergence

1.1 Uniform Convergence

Definition 1.1. Let E be a set and f,, : E — R be a sequence of functions. The sequence is said to
converge pointwise to another function f: F — R if

flx)= lim f,(z)

n—00

forall z € E.

This is an easy definition that is simple to check. However, there is a problem. Ideally, we want
to deduce properties of f from properties of f,. For example, it would be great if the continuity of
all f,, implies continuity of f, and similarly for integrability and values of derivatives and integrals.
However, it turns out we cannot. The notion of pointwise convergence is too weak.

Ezample. Consider a sequence of functions f, : [~1,1] — R defined by f, = 2/?"*+1)_ These are all
continuous, but their pointwise limit function is

1 x2€(0,1]
falz) = fl) =<0 2=0
-1 z€[-1,0)

which is not continuous. The continuity of functions is not preserved.

Ezample. Consider a sequence of functions f,, : [0, 1] — R be the piecewise linear function formed by
joining the points (0, 0), (%, n), (%, 0), (1,0). The pointwise limit of this function is f,(z) — f(z) = 0.
However, we have

1 1
/ fn(z)dz =1 for all n, but/ f(z)dx=0.
0 0

The limit of the integral is not the integral of the limit.

fol) = {1 nlx € Z

Ezample. Let f, :[0,1] = R be

0 otherwise ’

which all have finitely many discontinuities, so are Riemann integrable. However, its limit is

1 z€Q
0 z2¢Q’

which is not integrable. So the integrability of a function is not preserved by pointwise limits.

fo(x) = f(2) :{

We need a stronger notion of convergence without being too trivial. In the above example, we
may see that the problem of pointwise convergence is that different points converge at different rates
to f — it can be arbitrarily slow for some points. We need f, to converge to f at the same pace.

Definition 1.2. A sequence of functions f, : £ — R is said to converge uniformly to f : E — R if
Ve > 0, 3N € N such that Vn > N, |fu(x) — f(x)] < e for all x € E.

Remark. Uniform convergence naturally implies pointwise convergence.

The definition does not require F to be a subset of R, but many of our theorems will require it to
be, or else we cannot sensibly integrate or differentiate our functions.

We will now see that the uniform limit function retains certain properties from the original
sequence.
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Theorem 1.3 (Continuity of the uniform limit). Let Q@ C R. Given a sequence of continuous
functions f, : @ — R, if f,, — f uniformly on Q, then f is continuous.

Proof. We will show that f is continuous at an arbitrary a € . Given € > 0, there exists some
N € N such that for all n > N and x € Q we have |f,,(z) — f(z)] < ¢/3. Then since f, is continuous,
there exists § > 0 such that | — a|] < § implies |f,(x) — fn(a)| < €/3. Then if x € Q and |z — a| < 4,
we have

[f(z) = f(a)| < 1f (@) = fu(x)| + [fn(z) = fula)| + [fnla) — fa)] < €

as required. O
Remark. Another way of thinking this is the uniform convergence allows us to swap the limit:

lim f(z) = lim lim f,(z) = lim lim f,(z) = f(a),

Tr—ra Tr—ra n—oo n—oo r—a
which implies continuity at = = a.

Lemma 1.4 (Boundedness of the uniform limit). Let f, — f uniformly on a set Q. If f, is
bounded for every n, then so is f.

Proof. Fix some n € N such that for all x € Q, we have | f,,(z) — f(x)| < 1. Then since f,, is bounded,
there is an M € R such that |f,(z)] < M for all z € Q. Thus

lf@)] < 1f(x) = fa(@)| + [ fu(@)| < M +1
so f is bounded. O

Theorem 1.5 (Integral of the uniform limit). Let f,, : [a,b] — R be a sequence of integrable
functions. If f, — f uniformly on [a,b] then f is integrable and

/abfndx—>/abfdx.

Proof. Since every f, is integrable, they must be all bounded and hence f is also bounded. It suffices
to check that Riemann’s criterion is satisfied.

Given € > 0, we have N € N such that for all n > N, & € [a,b] implies |f,(z) — f(z)] <
e. Then since f, is integrable, there exists a dissection D = {xg,x1,...,Zm} of [a,b] such that
UD(fn) - LD(fn) <€

Now for each k € {1,...,m} and any z,y € [z_1,zk], we have

[f(z) = f()] <|f(@) = fu(@)| + | f(x) = fu(@)] + | fu(y) — f(y)]
< |fnlx) = fuly)| + 2¢.

Therefore, the difference between the supremum and infimum of f in [x;_1, 2] can be identified as

sup  |f(x) = fl < sup  |fu(®) = fu(y)] + 2e.

Y€k —1,2k] z,Y€[rp—1,2k]
We can multiply by (x; — 1) and sum over k to get
Up(f) — Lo(f) < Up(fn) = Lp(fn) +26(b—a) < e(2(b—a) +1),

so f is integrable.

The integral can be easily identified,

/abfndx—/abfdx

b
< [ 1= Flde < G- a) sup |f— ] -0,

s€la,b]
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Remark. Similarly, this can be seen as changing the place of the limit:

b b
/ lim f,(z)dx = lim fu(z)da .

n—oo n— oo a

Theorem 1.6 (Term-wise integration). Let f,, : [a,b] — R be a sequence of integrable functions.
Then if 7 | fn(z) converges uniformly on [a, b], the function x — >~ | f,(z) is integrable and

b oo o0 b
/a;fn(x)dx:;/a folz)da .

Proof. Let g, be the sequence of partial sums. g,, converges uniformly so we can apply the previous
theorem. O

However, the relationship between uniform convergence and differentiability is more subtle. The
uniform limit of differentiable functions need not be differentiable. Even if it were, the limit of the
derivative is not necessarily the same as the derivative of the limit, even if we just want pointwise
convergence of the derivative.

Ezample. Let fn, f:[-1,1] = R be

Fol@) = |27 f@) = 2]
Then f, — f uniformly. Each f, is differentiable throughout [—1,1] - this is obvious at = # 0. At

x = 0, the derivative is

£(0) = lim 2@ =/ (0) Y _y.

= 1.

However, the uniform limit f is not differentiable at =z = 0.

Ezxample. Let

for x € R. Then

sup|fu(z)| < —= =0,

1
zeR \/ﬁ
so fn(z) = f = 0 uniformly on R. However, the derivative is

fi(x) = /ncosnz,

which does not converge to f/ = 0.

We need a condition even stronger than uniform convergence to preserve differentiability and
derivative.

Theorem 1.7 (Term-wise differentiation). Let f, : [a,b] — R be a sequence of continuously
differentiable functions. If 3¢ € [a,b] such that Y :°, f;(c) converges and > .o, f/(z) converges
uniformly on [a,b], then > 7, f; also converges uniformly to a continuously differentiable function
f, and

)= (Y a | =3 p.

Proof. Let g(xz) =Y 7o, fi(z) for z € [a,b]. The general idea is that we want to solve the differential
equation f’ = g subjected to the initial condition f(c) =Y 07, fu(c). Let A =>""" fn(c) and define
f:a,b] = R by

f(:c):)\Jr/Ig(t)dt.
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Note that g is integrable: Y 7, f; — ¢ uniformly implies that ¢ is continuous and hence integrable.
By the fundamental theorem of calculus, f/ = g and f(¢) = A. So we have found such an f that
satisfies the conditions set out. All that remains is to prove the uniform convergence of ;- | fi — f.

Also by the fundamental theorem of calculus,
fule) = 5ue) + [ fito) e,
C

For € > 0, there exists N € N such that |A —>";_; fi(c)| < € and |g(t) — >_p_; fi(t)] < € for all
n > N. Then we have

ar [Cawar=3 (s + [ rwa)

k=1 k=1 ¢
< A= flo)] + / <g(t) —Zfé(t)> di
k=1 ¢ k=1
<e+|zr—cle
<elb—a+1)

1.2 The General Principle of Convergence

Definition 1.8. A sequence of functions f,, on a set Q is uniformly Cauchy if Ve > 0, AN € N such
that Vm,n > N and x € 2, we have

|fm(x) - fn(x” <e€.

Theorem 1.9 (General principle of uniform convergence). Let f,, : @ — R be a sequence of
functions. It converges uniformly to some f : Q@ — R if and only if it is uniformly Cauchy.

Proof.
(=) Let f, — f uniformly. Then given € > 0, 3N € N such that Vn > N,

sup | () = f(@)] < 5

€

Then if n,m > N, for all z € ), we have

[fn(2) = fm(@)| < |ful2) = @) + [ fm(z) = f(2)] <€,
so fy is uniformly Cauchy.

(<) Now let f,, be uniformly Cauchy, then Va € Q, the sequence of real numbers f,(x) is Cauchy
and hence convergent. Let

fla) = lim fo(a).

We want to show that f,, — f uniformly. Given € > 0, choose N € N such that Vn,m > N
and Vo € Q, we have |f,(z) — fi(2)] < €/2. Fix some z € ), then choose m such that
| fr(x) — f(z)| < €/2. Then

[fn(2) = f(@)] < [fn(2) = fn (@) + [fmn(2) = f(2)] <e.

Note that this result is independent of x, although the choice of m does depend on x. Hence
fn — [ uniformly. O
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From this, we have our important Weierstrass M-test for uniform convergence.

Theorem 1.10 (Weierstrass M-test). Let f,, : @ — R be a sequence of functions. Assume that
Vn € N, 3M, € RT such that sup,cq |fn(z)] < M,. If 3> M, converges, then > >~ fn(z)
converges uniformly on 2.

Proof. Let F,,(z) =Y ;_; fr(z). For z € Q and n > m, we have

n

|Fa(@) = Fn()| < ) fe@]< Y M.

k=m+1 k=m+1

Now given € > 0, we can choose N € N such that Z;O:N-trl My, < e. Then for every z € Q) and
n >m > N, we have

|Fo(z) = Fn(x)| < > My <e.
k=m+1

F,, is uniformly Cauchy and hence uniformly convergent. t

1.3 Power Series

Definition 1.11. A complex open disk D(a, R) is the set
D(a,R)={z€C||z—a| <R},
where @ € C and R € RT.

We are interested in whether a complex power series converge uniformly within its radius of
convergence.

Ezxample. Consider the power series

S

NE
3M‘N

Il
-

n

which has a radius of convergence R = 1. Let z € D(0,1). Then |f,(2)] < 1/n*. We have

Eﬁ:%

is convergent, so by the Weierstrass M-test, this power series converges uniformly on D(0, 1).

Ezample. Consider Y~ ;2™ which has the radius of convergence R = 1. It has bounded partial sums
for z € D(0,1), but it converges to 1/(1 — z), which is unbounded on D(0, 1). Hence, the convergence
is not uniform, otherwise the boundedness will be preserved.

We can see that the uniform convergence fails right at the boundary. We can keep the uniform
convergence if we move slightly away.

Theorem 1.12 (Uniform convergence of power series). Let Y > ¢,(z — a)" be a complex
power series with a radius of convergence R. Then Vr € (0, R), the power series converges uniformly
on D(a,r).

Proof. Fix some w € C such that |a —w| € (r,R). Define p = Tw—ay so that p € (0,1). Since
>0 o n(w — a)™ converges, we have ¢, (w — a)® — 0 as n — oo. Thus there exists some M € R*
such that |¢,(w —a)™| < M for all n € N.
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Now if we take z € D(a,r) and n € N, we have

en (2 = )" = len(w = a)"| - ('Z —al >

|w —al

n
<ML < Mp".
lw — al

Then since ZZOZO Mp™ is convergent, by the Weierstrass M-test, we have that the power series is
converging uniformly on z € D(a,r). O

Corollary. Let Y ° ¢,(z — a)™ be a complex power series with radius of convergence R. Then

(i) the power series is continuous within its radius of convergence;

(ii) the derivative of the power series is
o0
Z nen(z —a)* .
n=1

It is not guaranteed that a power series converge uniformly on its whole disk of convergence.
However, we have shown that we can get arbitrarily close to its radius of convergence, and we can
still have some amount of uniform convergence.

Consider a power series Y, ¢, (2 — a)™ with radius of convergence R and a point w € D(a, R).
We can always find some r such that |w — a| < r < R, so 3§ > 0 such that |w — a|+¢ < r. Therefore,
we can always find an open disk around w with radius § such that it is completely contained within
D(a,r).

7z - ~
2. D(a,R)
;o N
vz NN
Vs SR
y / R
’, Ww e IS
", \ U
|I’ S - [
;! °a i
! /‘l
VY S
v /
W\ -
\ /
\\ //
NN L
N s ,
e .~.’D(a,r)

We then have D(w,d) C D(a,r), where the power series is guaranteed to converge uniformly.

This inspires a helpful definition.
Definition 1.13. A subset U of C is open if for all w € U, there exists § > 0 such that D(w, ) C U.

From our discussion above, it is clear that an open disk is open.

Definition 1.14. Let U C C be open and f,, be a sequence of functions on U. We say that f,
converges locally uniformly on U if for all w € U there exists some § > 0 such that f, converges
uniformly on D(w,d) C U.

We can then formalise our discussion above into the following theorem.

Theorem 1.15 (Local uniform convergence of power series). A complex power series centred
at a with radius of convergence R converges locally uniformly on D(a, R).
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2 Uniform Continuity and Integrability

2.1 Uniform Continuity

Recall the standard notion of continuity.

Definition 2.1. Let Q C C and f : Q — C (or R). We say that f is continuous at a € § if given
any € > 0 we can find a § > 0 such that |f(a) — f(z)| < eforall x € Q, |z — a| < 6.

We say f is continuous if it is continuous at every a € €.

In our above definition, we allow § to depend on both € and a. Similar to how we define uniform
convergence, we can analogously define uniform continuity.

Definition 2.2. Let Q C C and f: Q — C (or R). We say that f is uniformly continuous if given
any € > 0, we can find ¢ > 0 such that Vz,y € Q, |z — y| < d, we have |f(x) — f(y)] <e.

It is easy to see that uniform continuity implies continuity, but the converse does not hold in
general.

Theorem 2.3 (Heine—Cantor theorem). Let f : [a,b] — C be continuous. Then f is uniformly
continuous.

Proof. Suppose such f is not uniformly continuous. Then Je > 0 such that V§ > 0, there is some z,y
with |z — y| < d such that |f(z) — f(y)| > €.

Take § = 1/n. We can find some sequences Z,,y, € [a,b] such that |z, —y,| < 1/n and
|f(zn) — f(yn)| > €. Then by Bolzano—Weierstrass theorem, we can find some convergent subsequence
Ty, — x for some x € [a,b]. But then |xnj - y,,,j| < 1/n; for all j, so we must have y,, — x as well.

Then ‘f(a:nj) — f(ynj)‘ > ¢ for every j, which implies that f(x,,) and f(y,,) cannot converge to
the same point. But by continuity of f, we must have f(z,,) = f(z) and f(yn,) — f(z), which is a

contradiction. Thus f must be uniformly continuous. O

2.2 Riemann Integrability

Theorem 2.4 (Integrability and uniform continuity). Let f : [a,b] — R be continuous. Then
f is Riemann integrable.

Proof. Given € > 0, since f is uniformly continuous, there is some & > 0 such that |f(z) — f(y)| <
€/(b— a) whenever |x —y| < ¢ and =,y € [a,b].

Now choose some integer n > (b — a)/d, and define the dissection D = {zg,...,z,} with z; =
a+i(b—a)/n. Then we have

sup f(z)— _inf  f(x) <

{L’E[ijl,rj} w€[$j71,$j] (b_ a’)

for all 1 < j <n, and thus

[
NE

Up(f) — Lp(f) (vj—xj_1)| sup f(z)— inf f(x)

j=1 z€[zj—1,2;] w€[zj—1,1;]
n
b—a €
< =€
- Z n b—a ’
Jj=1
and thus f is Riemann integrable by Riemann criterion for integrability. O
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*Non-examinable fun

Below are some remarkable results that are non-examinable.

Theorem 2.5 (Weierstrass approximation theorem). If f : [0, 1] — R is continuous, then there
exists a sequence of polynomials p,, such that p, — f uniformly. The sequence can be given by the

Bernstein polynomial:
_ - k ny k n—k
_Zf<n) (k)x(l—m) .
k=0

Remark. There are many other ways to construct a sequence of polynomials converging uniformly to
a continuous function f.

Proof. Denote

Pnk(T) = (Z) 2F (1 — z) k.

We can derive a few facts about these functions. Clearly, p, (z) > 0 Yz € [0,1]. Also, by the

binomial theorem .
> (3) vt =,
k=0
so we get
n
> pula) =
k=0

Differentiating the binomial theorem with respect to = and putting y = 1 — x gives

i( )kxk 'A—a)"F=n.

=0

<> F1—z)"F =nx,
k=0

> kpni(x) =
k=0

Differentiating the binomial theorem twice gives

Multiply by x gives

or equivalently

Adding these two results gives
n
Z E*pp(z) = n*2? + nz(l —2).
We will combine our results in a weird way:

n
Z (nz — pnk(x) =n?z? — 2nx - nw + n*z® + na(l — )
k=0

=nz(l —x).
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Now given e, since f is continuous on [0, 1], it is uniformly continuous. So pick a ¢ such that
|f(z) = f(y)| < e whenever |z — y| < §. Then for each fixed z, we can write

Ipa(a) — f(a)] = ; (1() - 1@ Jpuste)
<3 [1(%) - s fpaste
oy £(2) = r@fparto) + Wz £(5) = 1) pusto)

z€]0,1]

<eY pap(@)+2 sup [f(@)] D parl)
k=0

k:|w—%|25
1 kY
—crz s folg X (o 5) pste)
z€[0,1 n
€f0.1] k’:|x—§‘25
1 ¢ k\°
<e42 = ~ 5
ez s f@lg Y (2= 1) pato
€[0,1] k=0
2sup |f|
=e+ Wn:z:(lfx)
sup | f|
st 26%2n

Hence given any e and §, we can pick n sufficiently large such that |p,(z) — f(z)| < 2e. This is
independent of x so the convergence is uniform. O

We may want to explore more on integrability. We know that a function is integrable if it is
continuous. But it need not be. It could be discontinuous at finitely many points and still be
integrable. If it has countably many discontinuities, then we still can integrate it. How many points
of discontinuity can we accommodate if we want to keep integrability?

Definition 2.6. A subset A C R is said to have (Lebesgue) measure zero if for any € > 0, there exists
a countable (possibly infinite) collection of open intervals I; such that

Aclr.
j=1
and -
>l <e,
j=1
where |I;] is the length of the interval.

Ezxamples.

(i) The empty set has measure zero.
(ii) Any finite set has measure zero.

(iii) Any countable set has measure zero. If A = {ag,aq,...}, take

o € €
Ij— (ajiﬁ’aj+2jﬁ).

Then A is contained in the union and the sum of lengths is e.
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(iv)

(v)
(vi)

A countable union of sets of measure zero has measure zero, using a similar proof strategy as
above.

Any non-trivial interval does not have measure zero.

The Cantor set, despite being uncountable, has a measure zero. The Cantor set is constructed
as follows: start with Cy = [0,1]. Remove the middle third (3, %) to obtain Cy = [0, 1] U [2, 1].
Removing the middle third of each segment again to obtain

o Pl B o )

Continue iteratively by removing the middle third of each part. Define

which is the Cantor set. Since each C,, consists 2" disjoint intervals of length 1/3™ the total
length of the segments of C, is (%)” — 0. So we can cover C' by arbitrarily small union of

intervals. Hence the Cantor set has measure zero.

Theorem 2.7 (Lebesgue’s theorem on the Riemann integral). Let f : [a,0)] — R be a
bounded function, and let Dy be the set of points of discontinuities of f. Then f is Riemann
integrable if and only if Dy has measure zero.

10
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3 Metric Spaces

3.1 Metric Spaces

In R and C, we measure the ‘closeness’ between two points using |« — y|. It has an important property:
triangle inequality
|z — 2| < |z —y[+ [y — 2|

The triangle inequality acts more or less as saying closeness is a transitive property.

We can abstract away naturally from the absolute value into a more general measure of distance
with this property.

Definition 3.1. Let M be a set. A metric on M is a function d : M X M — R>q with the following
properties:

1. Positivity. Vz,y € M, d(x,y) > 0, with equality if and only if z = y.
2. Symmetry. Y,y € M, d(z,y) = d(y, x).
3. Triangle inequality. Ya,y,z € M, d(x,z) < d(z,y) + d(y, 2).

The pair (M, d) is called a metric space.

Ezxamples.

(i) Let M be R or C, then d(x,y) = |z — y| is the usual metric on those sets.

(ii) The Euclidean metric is the usual metric in R™, defined in component form as

(iii) Let M be any set, then

d(z,y) = 0 ifz=y
HY = 1 ifx#y

defines the discrete metric, and (M, d) is a discrete metric space.

(iv) Let G be a group generated by S C G, where e ¢ S and x € S = x~! € S. Then
d(z,y) = min{n > 0| 3s1,...,$, € S such that y = xs; ...s,}
defines the word metric.

(v) Let p be a prime. Then

d(e.y) 0 ife=y
T,y) =
Y p~ " otherwise,

where n is the greatest power of p in the prime factorisation of |z — y|, defines a metric on Z
known as the p-adic metric.

(vi) Let M = R?, then
d(xy):{x_m if x = ky

|z| + |y| otherwise,

defines a metric on M, where |- | is the Euclidean metric on R?. This is known as the British
ratlway metric.

11
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To explain the name of this metric, think of Britain with London as the origin. Since the railway
system is far from optimal, all trains go through London. For example, if you want to go from
Oxford to Cambridge (definitely not the other way around), you first go from Oxford to London,
then London to Cambridge. So the distance traveled is the distance from London to Oxford
plus the distance from London to Cambridge. The exception is when the two destinations lie
along the same line with London, in which case, you can directly take the train from one to the
other without going through London, and hence the if x = ky clause.

3.2 Norms and Inner Products

There are several notions on vector spaces that are closely related to metrics. We will look at norms
and inner products of vector spaces, and show that they all naturally induce a metric on the space.

First of all, we define the norm. This can be thought of as the length of a vector in the vector
space.

Definition 3.2. Let V be a real vector space. A norm on V is a function |- || : V' — R such that
1. Positive definite. ||v]| > 0 for all v € V', with ||v]| =0 iff v = 0.
2. Scaling. For A € R and v € V, || Av| = |A|]|v]]-

3. Triangle inequality. For v,w € V, |jv +w|| < ||v] + |lw]].

A norm naturally induces a metric on V.

Lemma 3.3. If || - || is a norm on V, then
d(v,w) = [lv —wl|

defines a metric on V.
Proof.

(i) d(v,w) = ||lv — w| > 0 by definition.
dlv,w)=0 < |lv—w|=0 <= v—w=0 < v=w.
(ii) d(w,v) = flw —o| = [[(=1)(v —w)|| = |-1[lv — w| = d(v,w).
(i) d(u,v) +d(v,w) = lu —v[| + [[v — w|| = [Ju — w]| = d(u, w).
So d is indeed a metric. O
Ezamples.

(i) In R™ or C", we have the Euclidean norm

]y =

This induces our familiar Euclidean metric

d(z,y) = llz = yll, =

n
Z|$k —yk|27
k=1

This is the standard metric on R™ or C"™. The metric space (M, d) is called the n-dimensional
real (or complex) Fuclidean space, denoted £%. The Euclidean norm is denoted as the fo-norm,
and the Euclidean metric is the ¢5-metric.

12
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(ii) Again, in R™ or C", we can have the £,-norm for p € [1,00) defined by

n 1/p
Iz, = (Z $k|p> ~
k=1

This induces the £,-metric

n 1/p
d(z,y) = (Z |z — yk|p> :

k=1

We can extend this to define the /., -norm and the . -metric

lolloe = max |zkl,

d(z,y) = max. | — Ykl -

(iii) Let S be a set and let Lo (S) be the set of all bounded scalar functions on S. We then define
the Loo-norm of f € Lo (S) by
1flloe = sup | f(z)]-
€S

This is known as the sup norm or the uniform norm. Then d(f,g) = ||f — g/, defines a metric
on Lo (S) known as the uniform metric.

(iv) Consider Cla,b], the set of continuous functions on [a,b], then for p € [1,00), we define the

Ly-norm and the L,-metric as
b l/p
11, = ( / |f<z>|”> ,

d(f.g) =If—dll,-

We will now define the inner product of a real vector space. This is a generalisation of the notion
of the dot product.

Definition 3.4. Let V be a real vector space. An inner product is a function (- |- ): V XV = R
that satisfies

1. Positive definite. (v|v) > 0 for all v € V, with (v|v) = 0 iff v = 0.
2. Symmetry. (v|w) = (w|v).
3. Linearity. VA € R, (u + Av|w) = (u|w) + A (v|w).
Theorem 3.5 (Cauchy—Schwarz inequality). If ( - | - ) is an inner product, then
(vlw)* < (v]v) {w]w) .
Proof. For any x, we have
(v + zw|v + zw) = (v|v) + 2z (vjw) + 22 (ww) > 0.

This can be seen as a quadratic in x that is always non-negative. It can have at most one real root,
SO
(2 (vw))? = 4 (v|v) (w]w) < 0.

13
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Lemma 3.6. If (-|-) is an inner product on V', then

[[v]l = v/ {v[v)
is a norm.
Proof.

@) [lvll = /(vlv) > 0.

o] =0 <= (vjv) =0 <= v=0.

(i) Ml = v/ (A[Av) = /A% (w]v) = [Al][o]]-

(iii) By Cauchy—-Schwarz,

loll + llwl)? = ol + 2ffv]llw] + [[w]|®
> (v]) + 2 (v|w) + (w|w)

= o+ wl®.

Ezxamples.

(i) Let V. =R"™. Then
(vjw) = Z VW,
i=1

is an inner product. This is our familiar dot product, which induces the Euclidean norm and
Euclidean metric.

(ii) Let V = CJa,b]. Then
b
(flg) = / f(2)g(z) da

is an inner product. This induces the Lo-norm and the Lo-metric.

3.3 Subspaces and Product Spaces

Definition 3.7. Let (M, d) be a metric space and let N C M. Then d is a metric on N and (N, d)
is called a subspace of M.

Ezample. Since every continuous function on a closed, bounded interval is bounded, so Cla,b] C
Loo([a,b]). Therefore, Cla, b] with the uniform metric is a subspace of Lo ([a, b]).

Given two metric spaces, there is a number of natural ways to construct another metric space
which has those two metric spaces as subspaces.

Definition 3.8. Let (M, d) and (N, d’) be two metric spaces. We can define the metric product space
by taking the set M X N and the metric

dy((m1,m), (ma,n2)) = (d(m1,ma)” + d'(n1,n2)") /7
for some p € [1,00), or

doo((m1,n1), (M2, n2)) = mazx{d(my,ms),d (ni,n2)}.
We denote the resulting product space (M X N,d,) by M @&, N.

Remark. There are no canonical choices on the value of p, but p = 1,2 and oo are the most common.
It is also straightforward to show that

14
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3.4 Convergence and Continuity
Metric spaces give us a measure of closeness. We can therefore extend our notion of convergence from
R and C into general metric spaces.

Definition 3.9. Let (M,d) be a metric space. A sequence a, € M is said to converge to a limit
a € M if given any € > 0, 3N € N such that Vn > N, we have d(a,,a) < e. We write a,, = a as
n — 0o.

Now we need to go back and check the theorems about convergence that we proved earlier to see
whether they still hold for a general metric space.

Lemma 3.10 (Uniqueness of Limits). If a,, — a and a,, — b in a metric space (M, d), then a = b.

Proof. Assume that a # b. Given any € > 0, we can find integers N; and N» such that
VYn > Ni,d(a,,a) <e,

VYn > No,d(ay,,b) <e.
Then letting € = d(a, b)/3 and taking N = max{Ny, N}, we have, by the triangle inequality,

d(a,b) < d(a,a,) + d(ap,b) < 2e = %d(a,b)

for all n > N. Then we must have d(a,b) =0 and a = b, a contradiction. O

Definition 3.11. Let f : M — M’ be a function between metric spaces (M,d) and (M’,d"). We
say f is continuous at a € M if Ve > 0, 3§ > 0 such that Vb € M and d(a,b) < §, we have

d'(f(a), (b)) <e.

If f is continuous at every a € N C M, then we say f is continuous on N.

Proposition 3.12 (Sequence definition of continuity). Let f: M — M’ be a function between
metric spaces, and let a € M. Then f is continuous at a if and only if for any sequence x,, — a, we

have f(x,) — f(a).
Proof.
(=) If f is continuous at a, then Ve > 0, 3§ > 0 such that
d(a,b) <6 = d'(f(a), f(b)) <e.

Now, find any x,, — a. We can find N € N such that Vn > N, d(a, z,) < §. Therefore, for the
same number of N, we have VYn > N, d(f(a), f(zn)) <e. So f(z,) — f(a).

(<) If v, > a = f(zxn) — f(a) but f is not continuous at a, then we can find € > 0 such that
V6 > 0, there exists some @ € M such that d(z,a) < § but d’(f(z), f(a)) > €. Set 6, = 1 and
obtain the corresponding x,,. Now x,, = a but f(z,) 4 f(a). This is a contradiction. O

We then have the following two obvious corollaries.

Corollary. Let f,g: M — M’ be continuous scalar functions, then f + g, f x g and f/g (providing
that Vo € M, g(x) # 0) are all continuous.

Corollary. If f: M — M’ and g : M/ — M" are continuous, then g o f is continuous.

Definition 3.13. A function f : (M,d) — (M,d') is uniformly continuous if Ve > 0, 3§ > 0 such
that Va,y € M with d(z,y) < 8, we have d'(f(z), f(y)) <e.
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Definition 3.14. A function f : (M,d) — (M',d’) is Lipschitz continuous if there is some constant
C > 0 such that Va,y € M,

d'(f(x), f(y)) < Cd(z,y).
We sometimes say f is C-Lipschitz.

Definition 3.15. A map f: (N,d) — (N’,d') is isometric if Vx,y € N,

d'(f(z), f(y) = d(z,y) .

Remark. Trivially, an isometric function is 1-Lipschitz and injective. If f is also surjective, then we
call it an isometry. If there exists an isometry between two metric spaces, then we say that they are
tsometric.

Proposition 3.16. A Lipschitz function is uniformly continuous.

Proof. Trivial. O

3.5 Topology of a Metric Space

While we will discuss topology and topological spaces in general later, it’s worth looking at a few of
the core ideas in the context of metric spaces.

It seems that there are some concepts in metric spaces that don’t really rely on the metric, just
about the closeness of points. The point of this section is looking to see exactly what type of relations
are these, so that we can generalise them to a setting where we don’t use a metric.

Definition 3.17. Let (M, d) be a metric space. An open ball in M of center x € M and radius r > 0
is given by
Dy (x) ={y € M | d(z,y) <r}.

Then, we can say x,, — x in M if and only if for all € > 0, there is some integer N such that
n > N implies that x,, € D¢(x).

Similarly, for a function f: M — M’, we say that f is continuous at x € M if and only if for all
€ > 0, there exists some ¢ > 0 such that f(Ds(x)) C Dc(f(x)).

Definition 3.18. Let (M, d) be a metric space. A closed ball in M of a center x € M and radius
r > 0 is given by
By(x) ={y € M [ d(z,y) <r}.

Ezxamples.
(i) When M = R, an open ball is an open interval and a closed ball is a closed interval.

(ii) In R2, a unit closed ball B;(0) has different appearance in different metrics.

N
N

di-metric dy-metric dso-metric

16
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(iii) If (M, d) is discrete, then Dq(x) = {z}, By(z) = M.

Note that Bs(x) C D,(z) C By(x) for any s < r.

Definition 3.19. A subset U C M with x € U is called a neighbourhood of x if there exists some
r > 0 such that D,.(z) C U.

Definition 3.20. Let U C M. We say U is open in M if for all x € U, there exists some r > 0 such
that D,.(z) C U, i.e. U is a neighbourhood of all of its points.

Ezample. Consider the upper half complex plane: H = {z € C | Imz > 0}. Then let w € H and
0 =Imw. If § > 0, then Ds(w) C H. If § =0, then for all » > 0, D,.(w) ¢ H. Thus H is not open.

Lemma 3.21. Open balls are open.

Proof. Consider an open ball D,.(x) C M. Let y € D,(z) and let § = r — d(z,y). Then 6 > 0, and if
z € Ds(y) then
d(z,2) < d(z,y) +d(y,z) < +d(z,y) =r,

so z € D,(x). This shows that Ds(y) C D,(x). O

Corollary. Let M be a metric space, U C M and z € M. Then U is a neighbourhood of z if and
only if there exists an open subset V' of M such that x € V C U.

3.5.1 Continuity and Convergence using Topology

Proposition 3.22 (Convergence using open sets). In a metric space M, the following are
equivalent:

(i) xp — x;
(ii) for all neighbourhoods U of = in M, there exists some N € N such that Vn > N, x,, € U.
(iii) for all open subsets U of M with = € U, there exists some N € N such that Vn > N, x,, € U.

Proof.

o (i) = (ii). Let U be a neighbourhood of = in M. Then by definition, Je > 0 such that D.(z) € U.
Then since x,, — x, there is an N € N such that n > N implies d(x,,, z) < €, and so x,, € D.(z).

o (ii) = (iii). Trivial by the previous lemma.

o (iii) = (i). Given some € > 0, U = D.(x) is open and x € U. Then by (4ii) there is an N € N
such that n > N implies z,, € U, that is, d(xy,,z) < €. O

Proposition 3.23 (Local continuity using open sets). Let f: M — M’ be a function between
metric spaces, and let x € M. The following are equivalent:

(i) f is continuous at ;

(ii) for all neighbourhood V of f(z) € M’, there exists a neighbourhood U of z in M such that
) cv;

(iii) for all neighbourhoods V of f(z) in M’, f=*(V) is a neighbourhood of x in M.

Proof.

e (i) = (ii). Let V be a neighbourhood of f(x) in M’'. Then by definition there exists some
e > 0 such that D.(f(x)) C V. Since f is continuous at x, there exists § > 0 such that
f(Ds(x)) C De(f()). Then U = Ds(x) is a neighbourhood of z in M and f(U) C V.

17
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o (ii) = (iii). Let V be a neighbourhood of f(z) in M’. Then by (ii) there is a neighbourhood U
of  in M such that f(U) C V. Then U C f~*(V), and since U is a neighbourhood of z in M,
there is some r > 0 with D,.(x) C U C f~1(V). Thus f~!(V) is a neighbourhood of z in M.

o (iii) = (i). Given € > 0, V = D.(f(z)) is a neighbourhood of f(z) in M. By (iii), f~1(V) is a
neighbourhood of z in M. So there exists § > 0 with Ds(z) C f~1(V). Then f(Ds(x)) CV =
De(f())- O

Proposition 3.24 (Global continuity using open sets). Let f : M — M’ be a function between
metric spaces. Then

f is continuous <= f~1(V) is open in M for all open subsets V of M.
Proof.

(=) Let V beopenin M’'. Let z € f~1(V). Then f(z) € V. Since V is open, there is some € > 0 such
that D.(f(x)) C V. Since f is continuous at x, there is a 6 > 0 such that f(Ds(z)) C D(f(x)).
Therefore Ds(x) C f~1(Dc(f(z))) € f~H(V). Thus f~1(V) is open in M.

(<) Let x € M and let € > 0. Then V = D.(f(x)) is open in M’. By (ii), f~*(V) is open in M,
also x € f~1(V) and f(x) € V. Then by definition there is a § > 0 such that Ds(z) C f=1(V),
so f(Ds(x)) CV = Dc(f(x)). O

3.5.2 Topology of a Metric space

We can now write down what the topology of a metric space is. We can use some properties that
occur here to inform how we define things more generally afterwards.

Definition 3.25. The topology of a metric space (M, d) is the family of all open subsets of M.

Proposition 3.26 (Topology of metric spaces). The topology of a metric space satisfies the
following properties:

(i) 0 and M are open;

(ii) if U; are open in M for i € I (the index set I may be countable or uncountable), then J,.; Us
is open in M;

(iii) if U, V are open then U NV is open.
Proof.
(i) This is clear.

(ii) Given x € |J;c; Ui, then there is some ig € I with = € U;,. Then Uj, is open, so by definition
there is an r > 0 such that D, (z) C Ui, C ;¢ Ui-

(iii) Given x € U NV, since U is open and = € U, there is an r > 0 with D, C U, and since V is
open and z € V, there is an s > 0 with Ds(z) C V. Set ¢t = min{r, s}, we then have ¢t > 0 and
Di(z) = D.(z)NDg(x) CUNV. O

Definition 3.27. A subset A of a metric space (M,d) is closed in M if for every sequence z,, € A
that is convergent in M, we have lim,, o T, € A.

Lemma 3.28. Closed balls are closed.

Proof. Consider B,(x) = {y € M | d(z,y) <r} C M, and a sequence z,, € B,.(z) such that z, — z.
We need to show that z € B,(x). We have

d(z,x) (z,2,) + d(zp, )

<d
<d(z,zn)+r—7T

as n — 00. Thus d(z,z) < r and hence z € B,(x). O
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Ezamples.
(i) The set [0,1] = By /5(1/2) is closed in R. It is not open as D,.(0) Z [0, 1] for any r > 0.

(ii) The set (0,1) = D;/2(1/2) is open in R, and it is not closed. Take a,, = 1/(n+ 1) € (0,1) for
all n € N, but a, — 0 ¢ (0,1).

(iii) R and @ are open and closed in R.
(iv) The set (0,1] in R is neither open nor closed.

(v) If (M,d) is discrete, then every subset of M is both open and closed.
Lemma 3.29. Let A C M. Then A is closed in M if and only if M \ A is open in M.

Proof. Assume A is closed and M \ A is not open. Then there exists € M \ A such that for all » > 0
we have D, (z) ¢ M \ A. Hence for all n, there exists x,, € Dy /,(x) N A. Then d(z,,z) < 1/n — 0,
S0 &, = x & A, but z,, € A for all n, which contradicts that A is closed.

Suppose M \ A is open but A is not closed. Then there exists some sequence x,, € A such that
T > x € Mbut z ¢ A. Since z € M\ A and M \ A is open, there exists e > 0 with D.(z) C M \ A.
Then since x,, — x, there is some N € N such that for all n > N, we have x,, € D.(z), and hence
xn € M\ A, which is a contradiction. O

We previously met isometries, which were maps between metric spaces that preserved the distance
function. Now that we are trying to look slightly away from metrics and more towards open sets and
neighbourhoods, it’s natural to think of a new definition of a function between metric spaces that
preserves open sets.

Definition 3.30. A map f : M — M’ between metric spaces is a homeomorphism if f is a bijection
and f and f~! are both continuous.

Equivalently, f is a homeomorphism if for all open sets V' C M’, f~1(V) is open in M, and for
all open sets U C M, f(U) is open in M’.

If there is a homeomorphism between M and M’, we say that M and M’ are homeomorphic.

Ezample. The metric spaces (0,00) and (0,1) are homeomorphic with the homeomorphism z —
1/(x 4+ 1) and inverse z — 1/x — 1.

Remark. Tt is true that every isometry is a homeomorphism, but the converse is clearly false.

Definition 3.31. Let d and d’ be metrics on a set M. We say that d and d’' are equivalent, denoted
d ~ d' if they define the same topology on M, i.e. for U C M, U is open in (M, d) if and only if U is
open in (M, d’).

Remark. d ~ d’ if and only if id : (M, d) — (M, d’) is a homeomorphism.

Also note that if d ~ d’, then (M,d) and (M,d") have the same convergent sequences and the
same continuous maps.

Definition 3.32. Let d and d’ be metrics on a set M. We say that d and d’ are uniformly equivalent
ifid: (M,d) — (M, d') and id’ : (M, d’) — (M, d) are uniformly continuous, written d ~,, d’.

We say d and d' are Lipschitz equivalent if these functions are Lipschitz, written d ~p;, d'.

Remarks.

(i) d ~pip d' if and only if there exists @ > 0 and b > 0 such that

ad(z,y) < d'(z,y) < bd(z,y).
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(i)

depipd = dr~yd = d~d'.
Ezxamples.
(i) Given a metric space (M,d), d'(z,y) = min{1,d(z,y)} defines a metric on M, and d’' ~,, d.
(ii) On a product space M X M’ the metrics dy, dy and do are pairwise Lipschitz equivalent.

(iii) On C0,1], the Li-metric and the uniform metric are not equivalent.

3.6 Completeness

In R and C, every Cauchy sequence is convergent. We wish to generalise this notion to an arbitrary
metric space.

Definition 3.33. A sequence x,, in a metric space (M,d) is Cauchy if Ve > 0, AN € N such that
VYm,n > N, we have d(x,,z,) < €.

Definition 3.34. A sequence z,, in a metric space (M, d) is bounded if 3z € M and r > 0 such that
Vn € N, we have z,, € B.(2).

Lemma 3.35. In a metric space (M,d), every convergent sequence is Cauchy, and every Cauchy
sequence is bounded.

Proof. Let z,, € M be convergent, and let x = lim,,_, o, z,,. Given € > 0, there is some positive integer
N such that d(z,,z) < e/2 foralln > N. Then for all m,n > N, d(z,, z,) < d(zpm,z)+d(z, z,) < €.
Thus a convergent sequence is Cauchy.

Now assume z, is Cauchy in M. Then there is a positive integer N such that for all m,n >
N, we have d(z,,x,) < 1. So in particular, we have d(z,,zy) < 1 for all n > N. Let r =
max{d(z1,2n),...,d(xN-1,2N),1}. Then z,, € B.(zy) for all n € N, and so z,, is bounded. O

In general, a bounded sequence is not Cauchy. An example is the oscillating sequence 0,1,0,1...
in R.

A more subtle observation is that a Cauchy sequence is not necessarily convergent in general
metric space. For example, x,, = 1/n is clearly Cauchy, but it does not converge in (0, c0) equipped
with the usual metric.

It seems that this example works because there is something ‘missing’ from the metric space.

Definition 3.36. A metric space (M, d) is complete if every Cauchy sequence in M converges in M.

Trivial examples of complete metric spaces would be R and C.

Proposition 3.37 (Product of complete spaces is complete). If metric spaces (M,d) and
(M',d’) are complete, then so is M &, M.

Proof. Let a, be a Cauchy sequence in the product space M &, M'. We will write a,, = (x,,z},),
where z,, and ], are sequences in M and M’ respectively. As a, is Cauchy, Ve > 0, 3N € N such
that Vm,n > N, we have dp(am,a,) < €. Then, Vm,n > N,

d(Tm, ) < max{d(Tm, Tn), d (25, 2),)} < dp(am,a,) < €.

Hence, x,, is Cauchy in M, and similarly 2/, is Cauchy in M’. Since M and M’ are complete, z,, and
a), converges to © € M and x’ € M’ respectively. Let a = (x, '), then

dy(an,a) < di(ay,a) = d(z,,z) +d(z),z') =0,

so the product space is complete. O
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Corollary. R™ and C" are complete in £,-metric.

Theorem 3.38 (Completeness of function spaces). Let S be any non-empty set. Then Ly (.5),
the set of all bounded scalar functions on S, is complete in the uniform metric D.

Proof. Let f, be a Cauchy sequence in Ly, (S). Then given € > 0, 3N € N such that Vn,m > N we
have

D(fmafn) = sup ‘fm(x) - fn($)| < €.
zeS

So f, is uniformly Cauchy. By the general principle of uniform convergence, f, converges uniformly
to some function f on S. We know that f is bounded, so f € L. (S). Now it remains to show
that f, — f in the uniform metric. We have that Ve > 0, 3N € N such that Vn > N and « € S5,
|fn(z) — f(z)| < e. This translates directly to

sup | fu(x) = f(x)| = D(fn, f) <€

z€eS

for all n > N, which is convergence in the uniform metric as required. O

Proposition 3.39 (Completeness of a subspace). Let N be a subspace of a metric space M.
Then

(i) if N is complete, N is closed in M.
(ii) If M is complete and N is closed in M, then N is complete.

Hence in a complete metric space, a subspace is complete if and only if it is closed.

Proof.

(i) Trivial. Any convergent sequence x,, € N is Cauchy in N, and so converges to some point
x € N by completeness. It is therefore closed.

(ii) Let x, be a Cauchy sequence in N. Then z, is Cauchy in M, so z, — x € M by the
completeness if M. Since N is closed in M, we must have x € N, so x,, — z in N. ]

Theorem 3.40. Let (M, d) be a metric space, and let
Co(M) ={f € Loo(M) | f is continuous} .
This is a subspace of Lo (M) in the uniform metric D.
Cy(M) is complete in the uniform metric.

Proof. By the previous proposition, it suffices to show that Cyp(M) is closed in Loo(M). Let f,, €
Cy(M) be a sequence, and assume that f,, — f in Lo (M). We need to show that f is continuous.

Given some a € M and € > 0, we can fix an n € N such that D(f,, f) < €/3. Since f,, is continuous
at a, there is a § > 0 such that for all x € M, d(x,a) < §, we have |f,(x) — fn(a)| < e. Hence for all
x € M, if d(xz,a) < ¢ then

[f(z) = f(a)| < [f(2) = fu(@)| + [fu(2) = fu(a)| + |fnla) = f(a)]
< 2D(fn, )+ [fn(2) = fu(a)]

€.

IN ]

Corollary. Cla,b] is complete in the uniform metric.

Proof. Cla,b] = Cyla,b]. O
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Definition 3.41. Let S be a non-empty set and (INV,d’) be a metric space. Define the space of
functions

Loo(S,N)={f:S — N | fis bounded}.

For f,g € Lo (S, N), as they are bounded, we have

f(z) € Br(y), g(x) € Bs(2)

for all x € S and some y,z € N. Then Vz € S, we have

d'(f(2),9(x)) <d(f(z),y) +d'(y,2) + d'(z,9(x)) <r+s+d(y,2).

This is a uniform bound for all z, so we may take the supremum.

Definition 3.42. The uniform metric on Lo (S,N), where S is a non-empty set and (N,d’) is a
metric space, is defined as

D(f.g) = supd'(f(z),g())

zeS

for f,g € Loo(S, N).
Definition 3.43. Let (M,d) and (N, d’) be metric spaces. Define

Cy(M,N)={f:M — N | f continuous and bounded} .

Remark. Cy(M, N) is a subspace of Lo (M, N) with the uniform metric.

Theorem 3.44. Let S be a set, let (M, d) be a metric space and let (N,d’) be a complete metric
space. Then

(i)
(i)

Lo (S, N) is complete in the uniform metric D;

Cy(M, N) is complete in the uniform metric D.

Proof.

(i)

Let f,, € Lo (S, N) be a Cauchy sequence. We first show that f,, is pointwise Cauchy. Let z € S.
Then Ve > 0, 3K € N such that Vm,n > K, D(fm, fn) < €. In particular, d'(f(x), fn(z)) <
D(fm, fn) < €. Therefore, the sequence fi(x) is Cauchy in N Vx € S.

Since N is complete, fr(x) converges in N for all x € S. Hence, we can define the pointwise
limit of fu(z) as f: S = N, f(x) = lim, o fr(x).

Now we have to show that f is bounded. Since fj, is Cauchy in the uniform metric D, there exists
K e N such that Vm,n > K, D(f;, f;) < 1. Then in particular, for all n > K, D(f,, fx) < 1.
Then since fx is bounded, 3y € N, r > 0 such that Vo € S, fx(z) € B,(y). Then by the
triangle inequality, d'(f,(z), fx(x)) < 1. Hence

d'(f(z),y) <d'(f(x), fx (@) + d'(fx(x),y) S 147
for all 2. This is a uniform bound, so f € Lo (S, N) and hence Lo (S, N) is complete.
In addition, we can show that fi — f uniformly in D. We have Ve > 0, 3K € N such that
Vm,n > K, D(fm, fn) < €. Choose n > K and z € S. Then for all m > K, d'(fm(x), fn(z)) <
D(fm, fn) < €. Asm — oo, d'(f(x), fn(r)) < € because the metrics are continuous. Since

x is arbitrary and the uniform distance D(f, f,) < € holds for all n > K, we have uniform
convergence.

By (i), it is enough to show that C,(M, N) is closed in Loo (M, N). Let fi € Cp(M,N) and
fe = f € Loo(M,N). We need to show that f is continuous. This is exactly the proof
that the uniform limit of continuous functions is continuous. Let a € M, ¢ > 0. Then as
fe = f € Loo(M, N), we can fix k € N such that D(fx, f) < e. Since fi is continuous, 36 > 0
such that Vo € M, d(z,a) < §, we have d'(fr(x), fr(a)) <€, so

d'(f(x), f(a)) < d'(f(2), fr(2)) + d'(fu(x), fe(a)) + d'(fr(a), f(a))

< 3e.
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3.7 Contraction Mapping Theorem
3.7.1 Contraction Mapping Theorem

Definition 3.45. A function f : M — M’ is called a contraction mapping if A € [0,1) such that
Ve, y € M,
d'(f(z), f(y)) < Md(,y),

so that f is A-Lipschitz.

We have the contraction mapping theorem, also known as the Banach’s fixed point theorem.

Theorem 3.46 (Contraction mapping theorem). Let M be a non-empty complete metric space.
Let f: M — M be a contraction mapping. Then f has a unique fixed point:

NzeM, f(z)==z.

Proof. First we can show the uniqueness easily. Suppose there are two fixed points f(z) = z, f(w) =
w. Then d(z,w) = d(f(2), f(w)) < Ad(z,w) < d(z,w). Hence d(z,w) =0 so0 z = w.

Now we show the existence. Fix a starting point o € M. Let z,, = f(x,-1) for all n € N, so
Xy = f™(xg). First, observe that for all n € N,

d(wn; xn+1) = d(f(xnfl)a f(xn)) < )\d(xnflyxn) <..- < )\nd(x(); xl) .

For m > n, we have

m—1 m—1

A2, ) <Y d(@p, 2p41) < Nod(wo, 1) <
k=n k=1

)\n

1-A

d(zg,x1) .

Since A" /(1 — A)d(zg,21) — 0, Ve > 0, IN € N such that Vn > N,

)\n
1—-A

d(xo,21) < €.

Hence, Ym > n > N, d(xn,xm) < €, so the sequence z, is Cauchy. Since M is complete, z,, is
convergent to some point z € M. f is continuous since it is A-Lipschitz, so as f(z,) — z, f(2) = 2.
The fixed point exists. O
Remark. Let m — oo in the inequality for d(z,,z,,), get

)\n

d(xp,2z) < 1 )\d(xo,:vl).

So xyp — z exponentially fast.

Non-examples.
(i) Consider
fR\{0} = R\ {0},
x

T —.
2

This is a contraction, but there is no fixed point as R \ {0} is not complete.
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(ii) Consider
fi1,00) = [1,00),
1
rT—x+—.
x
Certainly |f(z) — f(y)| < |x — y|, and [1, 00) is closed in R so it is complete. However, this is not

a contraction: even though |f(z) — f(y)| < |z — y|, there is no upper bound A (the supremum
is exactly 1). There is no fixed point.

Ezxample. Let yo € R. Then the initial value problem

f't) = f(#%)
f(O) = Yo

has a unique solution on C [O, %]

Assume that there is a solution, then immediately f is continuously differentiable. By the
fundamental theorem of calculus,

£ = 10 + [ flaas

Let M =C [O, %] with the uniform metric, which is non-empty and complete. Consider the mapping
T : M — M defined by

(Tg)(t) = yo +/0 g(s%)ds .

Note that Tg is well-defined since g(s?) is continuous. Moreover, by the fundamental theorem of
calculus, Tg is differentiable and (Tg)’(t) = g(t?). Thus f is a solution to the initial value problem if
and only if f € M and Tf = f. Now, if T is a contraction, then we can assert that there is a unique
solution.

For ghe M, t € [O, %], consider

(o)) = @O = | [ o) =) s < [ |a(s?) = h(s?)]ds < 3D(a.1).

Taking the supremum over ¢ gives D(Tg,Th) < £D(g,h), and so there is exactly one fixed point.

Remark. The above example shows that for any ¢ € (0, 1), there is a unique solution to the initial
value problem on [0,0] called fs, since 6 < 1 is required for the map to be a contraction. For
0<d<pu<1, fulpo,s) = fs by uniqueness. So we can combine the solution together to yield a unique
solution on [0, 1).

3.7.2 Lindelof—Picard Theorem

Theorem 3.47 (Lindel6f-Picard theorem). Let n € N, yo € R™ and a,b, R € R such that a < b
and R > 0. Let ¢ : [a,b] X Br(yo) — R” be a continuous function. Given that there exists K > 0
such that V¢ € [a,b] and z,y € Br(yo),

lo(t,z) — ot y)ll < Kz —yll.

Then Je > 0 such that V¢, ¢y € [a,b], the initial value problem

f'(t) = ot f(1))
f(to) = yo

has a unique solution on [c,d] = [to — €,to + €] N [a, b].
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Remark. Note that if f : [¢,d] — R™, we let fi : [¢,d] = R to be the k-th component of f. We define
f(6) = (fi(t), ..., fi(t)) and

/Cdf(t)dt = (/Cdfl(t)dt,...7/Cdfn(t)dt>.

Note that we can use the Cauchy—Schwarz inequality to give

\ /jmdt

Proof. Since ¢ is a continuous function on [a,b] X Bgr(yo), which is closed and bounded, ||¢|| is
bounded above by some C > 0. Let e = min{Z, ;%-}. Let ¢y € [a,b] and [c,d] = [to — €,to + €] N [a, b].
We need to show that there exists a unique differentiable function f : [¢, d] — R™ such that f(to) = yo
and f/(t) = ¢(t, f(¢)) for all t € [e, d].

d
< [ I@ld < @) suw 170

t€(e,d]

Since Bg(yo) is closed in the complete space R, it is also complete. Then M = C(]c,d], Br(yo))
is non-empty and complete in the uniform metric D. A natural thought is then to reduce this IVP
to a fixed-point problem. By applying the fundamental theorem of calculus coordinate-wise, f is a
solution to the initial value problem if f € M and

FO) =10+ tﬁ(s,f(s))ds .

Consider the mapping T': M — M given by

(T9)t) =yo+ | o(z,g9(x))dz .

to
We must first show that T is well-defined. Note that the integral is well defined: s — ¢(s, g(s))

is continuous so integrable. By the fundamental theorem of calculus, Tg is differentiable and the
derivative is (T'g)’(t) = ¢(t, g(t)). In particular, T'g : [c,d] — R™ is continuous. Finally, for ¢ € [, d],

< [t —to| sup [¢(s,g(s))]| < eC < R,

1(T)(®) - yoll = \
s€[e,d]

/ H(s,9(s)) ds

soTge M.

Recall that f is a solution to the IVP if and only if f € M and T'f = f. We will show that T is a
contraction mapping so it has a unique fixed point. Let ¢ € [¢,d] and g,h € M.

(Ta)(t) — (Th)(1)] = \

) é(s,9(s)) — o(s,h(s))ds|| .

Note that [[¢(s, g(s)) — ¢(s, h(s))]| < Kllg(s) — h(s)|| < KD(g,h), so
|

Taking the supremum over ¢ € (¢, d),

(Tg)(t) = (Th)(D)|| < [t —to| KD(g,h) < eKD(g, h).

D(Tg,Th) <eKD(g,h) < -D(g,h),

N | =

so T is a contraction. Done by contraction mapping theorem. (I

Remark. In general, we cannot extend the solution guaranteed above to a global solution. However,
we can apply the theorem to ODE of any order.
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4 Topological Spaces

4.1 Topological Spaces

Definition 4.1. Let X be a set. A topology on X is a collection 7 of subsets of X such that the
following axioms hold:

1. 0, X er;

2. if U; € 7 for all i € I, where [ is some index set, then | J,.; U; € 7;

3.ifUVer,thenUNV 7.

A topological space is a pair (X, 7), where 7 is a topology on a set X. Elements in 7 are called the
open sets.

Remark. If U; € T for i =1,...,n, then
ﬂ U,er.
i=1

Definition 4.2. Let (M, d) be a metric space. Then the topology induced by d is the set of all open
sets of M under d.

Remark. For a set open specifically in the topological sense, we say that it is 7-open. For a metric
space (M,d), a set U C M is open in metric sense if Vo € U, Ir > 0 such that D, (z) C U. We may
say that U is d-open. We have proven that the collection of d-open sets in a metric space (M, d) is a
topology 7 on M.

Definition 4.3. Let (X, 7) be a topological space. We say that X is metrizable if there exists a
metric d on X such that 7 is the metric topology on X induced by d.

Remark. If d' ~ d, then d’ and d induce the same topology on X.
Ezample. It is easy to show that di ~ da ~ dos. All d,, metrics induce the same topology on R"™.

Definition 4.4. Let 7,7 be topologies on X. We say that 71 is coarser than 75, or 75 is finer than
T1, if 1 C 7.

Ezxamples.

(i) The indiscrete topology on a set X is the topology 7 = {(}, X}. It is the coarsest topology on
X.

If | X| > 2, then this is not metrizable. Let d be a metric on X, ¢ # y € X, r = d(z,y) and
U = D,(z). We know that U is d-open. But sincex € U,y ¢ U, U ¢ 7.

(ii) The discrete topology on a set X is 7 = P(X), the power set of X. This is the finest topology
on X. It is metrizable by the discrete metric.

Definition 4.5. A topological space is Hausdorff if Vo # y € X, there exists open sets U,V C X
such that z e U,y € Vand UNV = 0.

Informally, x,y are separated by open sets.

Proposition 4.6. Metric spaces are Hausdorff.

Proof. Let x # y be points in a metric space (M,d). Let r > 0 such that 2r < d(z,y). Then let
U=D,(x)and V = D,(y). U and V are certainly open, and they have no intersection by the triangle
inequality, so the metric space is Hausdorff. O
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Example. The cofinite topology on a set X is
7 ={0} U{U C X | U is cofinite in X},
where U is cofinite in X if X \ U is finite.

When X is finite, this topology is simply the discrete topology 7 = P(X). When X is infinite,
T is not metrizable. Let © # y € X, and let x € U, y € V, where U,V are open in X. Then U, V'
are cofinite, and hence U NV # ). So this topology on an infinite set is not Hausdorff and hence not
metrizable.

Definition 4.7. A subset A of a topological space (X, 7) is closed in X if X \ A is open in X.
Remark. In a metric space, this agrees with the earlier definition of a closed subset, as proven above.
Proposition 4.8. The collection of closed sets in a topological space X satisfies:

(i) 0, X are closed;

(ii) if A; are closed in X for ¢ € I, where I is some non-empty index set, then (,.; 4; is closed;

iel
(iii) if Ay, Ag are closed in X, then A; U A, is closed.
Ezxamples.

(i) In a discrete topological space, every set is closed.

(ii) In the cofinite topology, a subset is closed if and only if it is finite or the full set.

4.2 Neighbourhoods and Convergence

Definition 4.9. Let (X, 7) be a topological space, and let U C X and x € X. We say that U is a
neighbourhood of x in X if there exists an open set V € 7 such that z € V C U.

Remark. Again, this agrees with our definition in a metric space.

Proposition 4.10. Let (X, 7) be a topological space and U C X. Then U is open if and only if U
is a neighbourhood of x for every x € U.

Proof. If U is open and x € U, then let V = U, so that V is open and x € V C U.

Conversely, if U is a neighbourhood of x, there exists V, C X such that x € V, C U. Then
U = U ey Ve is open, since each V, is open. O

Definition 4.11. Let x,, € X be a sequence in a topological space (X, 7). Let x € X. We say that
x,, converge to x if for all neighbourhoods U of z, there exists N € N such that Vn > N, z,, € U.

Equivalently, z,, converge to z if for all open sets U containing z, 3N € N such that Vn > N, z,, € U.
Remark. Again, the definition in a metric space agrees with this definition.

Ezxamples.

(i) Eventually constant sequences converge.
If 32 € X, IN € N such that Vn > N, z,, = z, then z,, — 2.

(ii) In an indiscrete topological space, every sequence converges to every point.
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(iii) In the cofinite topology on a set X, suppose that z, — x € X. Then if y # 2, X \ {y} is a
neighbourhood of . Then N, = {n € N| z,, = y} is finite.

Conversely, suppose z,, is a sequence such that for some z € X and all y # x, N, is finite, then
Ty — T.

In particular, if N, is finite for all y € X, the sequence converges to every point.

Proposition 4.12 (Convergence in a Hausdorff space). If z,, — = and z, — y in a Hausdorff
space, then x = y.

Proof. Suppose x # y, then we can choose open sets U and V such that x € U,y € V with UNV = ().
Since x, — x, there exists N7 € N such that Vn > Ny, z,, € U. Similarly, there is a Ny € N such
that Vn > Na, x, € V. Hence Vn > max{Ny, Na}, 2, € U and z, € V. Bt UNV = (), so this is a
contradiction. O

Remark. In a metric space, a subset A is closed if and only if whenever z,, € A and z,, — x implies
x € A. In a general topological space, any closed set is closed under limits, but not every subset that
is closed under limits is closed.

4.3 Interior and Closure

Definition 4.13. Let (X, 7) be a topological space, and A C X. We define the interior of A, denoted
A° or int(A4), by
A° = U U.

UCA, U open
The closure of A, denoted A or cl(A), is defined as

A= ﬂ F.

ACF, F closed

Remark. We have A° ¢ A C A. A° is the largest open subset of A and A is the smallest closed
superset of A. A° = A if and only if A is open, and A = A if and only if A is closed.

The definition of closure and interior make the above facts very clear. However, while this clever
definition makes it easy to prove the above properties, it is rather difficult to directly use it to compute
the closure.

To facilitate this, we can define the limit points.

Definition 4.14. Let X be a topological space, A C X and =z € X. =z is called a limit point
(accumulation point/cluster point) of A if for any neighbourhood U of z, (A\ {z}) N U # 0.

The derived set of A is the set of all limit points of A, denoted A’.

Ezample. In R under the topology induced by the usual metric, suppose A = [0,1) U {2}, then
A" =10,1]. We also have Q' =R and Z' = 0.

Proposition 4.15. Let (X, 7) be a topological space and A C X. Then A is closed if and only if
A C A

Proof. Tf A is closed, then U = X \ A is open, so for any « € X \ A, U is a neighbourhood of z. But
then U N A = (). Therefore, every limit point of A is inside of A, A’ C A.

Conversely, given any z € X \ A, we must have = ¢ A’, so there is a neighbourhood U of z with
UNA=0. Hence z € U C X \ A, so X \ A is open, and A is closed. O

Proposition 4.16. Let X be a topological space and A C X.
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A° ={z € X | A is a neighbourhood of z};

A={x € X |VU C X such that U is a neighbourhood of =, U N A # 0}
=AUA.
Proof.

(i) If A is a neighbourhood of x, then by definition there exists an open set U such that © € U C A,
which is true if and only if x € A°.

(ii) Suppose = € A, then there exists a closed set F' O A such that z ¢ F. Let U = X \ F. Then U
is open and x € U, so U is a neighbourhood of x and U N A = (.

Conversely, suppose there exists a neighbourhood U of x such that U N A = (). Then there
exists an open set V' such that z € V. C U. Since V.C U, VN A=0. Let = X \ V. Then F'
is closed, and A C F. Hence A C F, so z ¢ A.

O

Ezample. In R, let A =[0,1) U{2}. Then A° = (0,1) and A = [0,1] U {2}. Further, Q° =0, Q =R
and Z° = 0. 7 = 7.

Remark. In a metric space, for a subset A we have that 2 € A if and only if there exists a sequence
T, in A such that x, — x. In a general topological space, the existence of a sequence implies x € A,
but the converse is not true.

Definition 4.17. A subset A of a topological space X is said to be dense in X if A = X. X is
separable if there exists a countable subset A C X such that A is dense in X.

Ezxample. R is separable as Q is dense in R. R" is separable as Q™ is dense in R™.

Example. An uncountable discrete topological space is not separable, since the closure of any set is
itself.

Definition 4.18. Let (X,7) be a topological space. Let Y C X. Then the subspace topology, or
relative topology on Y induced by 7 is the topology

{YnV|Ver},

the intersection of ¥ with all open sets in X. This is denoted by 7|y .

For U C Y, U is open in Y if and only if there exists an open set V' C X such that U =V NY.

Ezample. Let X =R, Y =1[0,2] and U = (1,2]. Then U CY C X. U is open in Y, since V' = (1, 3)
isopen in X and U = V NY. However, U is not open in X, since no neighbourhood around 2 can be
constructed in X that is contained within U.

Remark. On a subset of a topological space, the subset topology is considered as the standard
topology. Suppose that (X,7) is a topological space, and Z C Y C X. There are two natural
topologies on Z: 7|z and 7|y|,. It can be easily shown that these two are equal.

Let (M,d) be a metric space and N C M. Again, there are two natural topologies on N: 7(d)|n
and 7(d|n). These two constructions coincide. For any = € N, r > 0,

{ye N |dz,y)<r}={ye M |d(z,y) <r}nNN.
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Proposition 4.19. Let X be a topological space, and let A CY C X. A is closed in Y if and only
if there is a closed subset B C X such that A = BNY. Further,

Cly(A) = Clx(A) ny.

Proof. The first part is true by taking complements. Let A be closed in Y, then Y \ A is open in Y.
Then Y\ A=V NY for some open V in X. So B = X \V is closed in X and A = BNY. Conversely,
it A= BnNY, where B is closed in X, then X \ Bisopenin X,s0 Y\ A= (X\B)NY isopeninY.

For the second part, we know cly (A) is closed in X, so by the first part, clx(A) NY is closed in
Y. Then A C clx(A)NY. So cly(A) C clx(A) NY. Similarly, since cly(A) is closed in Y, we can
write cly (A) = BNY for some closed set B in X. But A C B, and B is closed in X, so clx(A) C B
and hence cly (A) =BNY Dclx(4)NY.

Remark. This is not true for the interior of a subset in general. For instance, consider X = R,
A=Y ={0}. Then inty (4) = A and intx(A) = 0.

Remark. If U CY C X, and Y is open in X, then U is open in Y if and only if U is open in X.

4.4 Continuity
4.4.1 Base

Definition 4.20. A base for a topological space (X, 7) is a family # C 7 such that VU € 7, 3¢ C £

such that
U= |J B.
Be€

In other words, the topology 7 consists of the arbitrary unions of some family of open sets which is
a subset of Z. So a base determines the topology.

Ezxamples.

(i) The set of all open intervals is a base of the usual topology on R.

(ii) In general, the collection of all open balls in a metric space is a base for the metric topology on
it.

However, what we want to do is not to construct £ from 7, but the other way around.

Lemma 4.21. Let X be a set and Z C P(X). Assume that
() X =UgesB;
(11) vBl,BQ S %, Vx € BlﬂBg, 1B 6%, xr € BC BN Bs.
Then there is a unique topology on X that is generated by the base A.

Proof. We must have the topology

Tz{ U B %c%}.

Be®

It is clear that 7 is a topology on X. Indeed, #, X € 7 and it is closed under arbitrary union. For

intersection, consider
nh=\J B = B.
Be¢, Be%>
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Given that x € Uy NUs, then 3By € 61, By € %3 and B, € % such that x € B, C BiNBy C U1 NU>,
thus
hnth= |J B..
zcUNU2

Definition 4.22. A topological space is called second-countable if it has a countable base.

Ezxample. The set of all open balls of rational radii and centres is a countable base for R™, so R™ is
second-countable.

4.4.2 Continuity
Definition 4.23. A function f: X — Y between topological spaces is continuous if for all open sets
V in Y, the preimage f~!(V) is open in X.

Remark. We have already proven that this agrees with the definition of continuity of functions between
metric spaces.

Ezxamples.

(i) Constant functions are always continuous.

Consider f : X — Y defined by f(x) = yo for a fixed yo € Y. Forany V. C Y, f~1(V) = 0 if
Yo € V,and f~1(V) = X if yo € V. So f is continuous.

(ii) The identity map is always continuous.
If f: X — X is defined by 2+ z, f~1(V) =V so if V is open, then f=(V) is trivially open.

(iii) Let Y C X. Let2:Y — X be the inclusion map. Then for an open set V in X, 2=}(V) =V NY
which by definition is open in Y.

Proposition 4.24. Let f: X — Y be a function between topological spaces. Then

(i) f is continuous if for all closed sets B in Y, f~1(B) is closed in X;

(ii) if Z is a base for Y, then f is continuous if and only if for all B € 4, f~1(B) is open in X.
(iii) if f is continuous and g : Y — Z is continuous, then g o f is also continuous.
Proof. Trivial. (I

Remark. There exists a notion of continuity at a point for topological spaces, but it is not as important.

4.4.3 Homeomorphisms
Definition 4.25. A function f : X — Y between topological spaces is a homeomorphism if f is a
bijection, and both f, f~! are continuous.

If such an f exists, we say that X and Y are homeomorphic, written X =Y.

Definition 4.26. A function f : X — Y between topological spaces is an open map if for every U
open in X, f(U) is open in Y.

Remark. f: X — Y is a homeomorphism if and only if it is a continuous open bijection.

Lemma 4.27. Homeomorphism is an equivalence relation.
Proof.

(i) The identity map Ix : X — X is always a homeomorphism, so X & X.
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(ii) If f: X — Y is a homeomorphism, then sois f~1: Y —- X. So X 2Y = Y = X.

(iii) If f: X - Y and g : Y — Z are homeomorphisms, then go f : X — Z is a homeomorphism.
So X2YandY =27 = XX=Z.

O
Ezxamples.

(i) Under the usual topology, the open intervals (0,1) = (a,b) for all a,b € R using the
homeomorphism z — a + (b — a)x.

Similarly, [0, 1] & [a, b].
(ii) (=1,1) 2R by z — tan(3z).
(iii) R 2 (0,00) by x — €®.

(iv) (a,00) = (b,00) by =+ x + (b — a).

The fact that homeomorphism is an equivalence relation implies that any two open intervals in R
are homeomorphic.

Remark. Tt is relatively easy to show that two spaces are homeomorphic. We just have to write down
a homeomorphism. However, it is rather difficult to prove that two spaces are not homeomorphic.

For example, is R™ homeomorphic to R™ for m # n? The answer is they are not homeomorphic,
but we are not able to prove it rigorously without using algebraic topology.

So how can we prove that two spaces are not homeomorphic? In group theory, we could prove
that two groups are not isomorphic by, say, showing that they have different orders. Similarly, to
distinguish between topological spaces, we have to define certain topological properties. Then if two
spaces have different topological properties, we can show that they are not homeomorphic.

Definition 4.28. A property P of topological spaces is said to be a topological property or topological
invariant if it is preserved under homeomorphisms.

Example. Metrizability is a topological invariant. Being Hausdorff is a topological invariant. Being
completely metrizable (metrizable into a complete metric space) is a topological invariant. However
completeness is not a topological invariant.

4.5 Product Topology and Quotient Topology
4.5.1 Product Topology

Let X, Y be topological spaces. We want to define the topology on X X Y. If U C X and V C Y are
open, then we want U X V to be open in X X Y. Certainly, # X ) = # and X X Y should be open.
Further, (U x V)N (U' x V') = (UNU’) x (VNV’'), so intersections work. J;c; Us X V; must be
open for open sets U;, V;, but this is not obvious from what we have shown so far, so we must include
this in our definition.

Or equivalently, we can define everything more neatly in terms of bases.

Definition 4.29. Let (X, 7) and (Y, p) be topological spaces. The base
B={UxV|UerVep}

defines a topology on X X Y called the product topology.
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Remark. A set W C X X Y is open if and only if V(z,y) € W, 3U € 1,V € p such that (z,y) €
UxVcCcWw.

Ezample. Let (M,d), (M’,d’) be metric spaces. Then the dy, metric on M x M’ is

dOO((I7 1‘/), (y’ y/)) = max{d(x, y)7 d/('rlv y/)} :

All d,, metrics induce the same metric topology on M X M’, but this metric is chosen since it is
easier to work with. Also, M and M’ are topological spaces with their own metric topologies, which
induce the product topology on the product space M X M’. These two constructions create the same
topology. For a point z = (z,2') € M X M’ and r > 0, the ball D,.(z) is exactly

Dy(2) ={(y,y') € M X M" | do((y,¥/), (w,2")) <}
={(y.y) € M x M' | d(z,y) <rd(',y) <r}
= D,(x) X D.(z').
Now let W € M x M'. Then W is open in the product topology if and only if for all z = (z,2’) € W,
there exists open sets U C M and U’ C M’ such that (z,2') € U x U’ C W. Equivalently, for all

z = (z,2") € W, there exists r > 0 such that D, (z) X D,(z') C W. But D,(x) X D,(z') = D,(z), so
W is d.-open as required.

Therefore, the topology induced by the (p-)product metric is the product topology of metric
topologies. So products of metrizable topologies are metrizable.

For instance, R? in the usual topology is homeomorphic to R X R in the product topology.

Proposition 4.30. Let X,Y be topological spaces. Let X X Y be given the product topology. Then
the coordinate projections 7x : X X Y — X and my : X X Y — Y satisfy

(i) mx and 7y are continuous;

(i) if Z is any topological space, and f : Z — X X Y is a function, then f is continuous if and only
if 7x o f and 7wy o f are continuous.

Note that f(z) = (wx o f(2), 7y o f(2)).
Proof.

(i) Given an open set U C X, ny'(U) = U X Y, which is open in X X Y so my is continuous.
Similarly, 7y is continuous.

(ii) Given such an f, if f is continuous, then both wx o f, my o f are continuous since composition
of continuous functions is continuous.

Conversely, if both of mx o f, my o f are continuous, then it is enough to check that any member
of the base U X V C X X Y has an open preimage. Indeed,

fFFAlUOxV)=fH U XxY)NnfF (X xV)
= [T O N (V)
= (mx o /)" (U) N (my o f)~(V)
is open by assumption. Il

Remark. The product topology may be extended to a finite product. Properties of the product
topology hold. For example, if X; is metrizable with metric d; for all 7, then the product topology is
metrizable with, for instance, the do, metric.

It is also useful to know that (X X Y) X Z =X X (Y X Z),and X XY 2Y x X.
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4.5.2 Quotient Topology

Definition 4.31. Let (X, 7) be a topological space and let R be an equivalence relation on X. Let
X/R be the set of equivalence classes. Define the quotient map

q: X = X/R
= 2],
where [z] = {y € X | yRz} is the equivalence class containing x. The quotient topology on X/R is

the family
r={VCX/R|q"(V)eT}.

Proposition 4.32. The quotient topology is indeed a topology.

Proof. ¢ Y (X/R)=X e, (0)=0€1,500,X/Re g IfViel,V;€ g, then

g (U Vi) =Ja ),

icl i€l
which is open. Also, VU,V € 75,
g {UNV)=qU)Ng V),
which is also open. (I

Remarks.

(i) q is surjective and continuous under 7.
(ii) Forz € X,t € X/R, x €t < ¢(x) =t. Hence for V C X/R,
¢ (V) ={z e X [q(x) eV}
={reX|3teV,qx) =t}

=t

teV

Example. Consider R as an abelian group under addition, and its subgroup Z. We can form the
quotient group R/Z, which is the set of equivalence classes where x ~ y <= z —y € Z. For all
x € R, there exists y € [0,1] such that  ~ y, and for all =,y € [0, 1], we have x ~ y if and only if
x =1y or {x,y} = {0,1}. So we can think of the quotient topology of R/Z as a circle. We can say
that R/Z is homeomorphic to S! = {(z,y) € R? | ||(z,y)|| = 1}.

Ezample. Consider Q < R as abelian groups under addition. R/Q gives an equivalence relation. So
we can induce a quotient topology on R/Q. Let V' C R/Q, such that V # 0 and V is open. Then
q (V) is open and non-empty. Therefore, there exists a < b € R such that (a,b) C ¢~ }(V). Given
x € R, we can choose a rational number r in the interval (a —z,b— ). Then r +z € (a,b) C ¢~ 1(V),
so q(x) = q(r+2x) € V. So V =R/Q. We can find that this is the indiscrete topology, which is not
metrizable or Hausdorff. So we cannot in general take quotients of metric spaces.

Ezample. Let Q = [0,1] x [0,1] C R2. We define the equivalence relationship by

(z1,22) = (y1,92) or
Ty =y1,{22, 92} = {0,1} or
vy =y, {71, 51} = {0,1} or
x1,%2,Y1,Y2 € {0,1}

(w1, 22) ~ (Y1,92) =

The space @/R is homeomorphic to R?/Z?2. This is a square where the top and bottom edges are
identified the same, and so do the left and right edges. This is homeomorphic to a surface of a torus
with the Euclidean topology embedded in three-dimensional Euclidean space.
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Consider the quotient map ¢ : X — X/R, and amap f : X — Y such that xRy = f(z) = f(y),
then there is a map f : X/R — Y such that foqg = f. In terms of category theory, the following
diagram commutes.

f
X > Y
q i
X/R

If f is surjective, so is f. Also, if f(x) = f(y) < zRy, then f is injective.

Proposition 4.33. Let X,Y be topological spaces, R an equivalence relation on X, ¢ : X — X/R
the quotient map, f : X — Y some map with xRy = f(x) = f(y), and let f be defined as above.
Then

(i) if f is continuous, then so is f;
(ii) if f is an open map, then so is f.
Proof.

(i) Let V be open in Y, then f~(V) is open in X, so ¢~ (f~1(V)) = f~1(V) is open, so f~1(V)
is open, hence f is continuous.

(ii) Given open V C X/R, U = ¢~ (V) is open in X, and V = ¢(U), so f(V) = f(U) which is
open.

O

Corollary. If f(x) = f(y) <= xRy, f is surjective, continuous and open, then f is a
homeomorphism.

Ezample. R/Z is homeomorphic to a circle S* = {z € C | |2| = 1}.

Consider the map f(t) = e*™'*| then the induced f is a homeomorphism by the preceding corollary.
If f is not open, then there is some open U € R such that f(U) is not open, and hence S* \ f(U) is
not closed. Then 3z, € S*\ f(U) and 2z € f(U) such that z, — 2. Due to the surjectivity, we know
that there is some x € U such that f(z) = z and z,, € [v — 1/2,2 + 1/2] such that f(z,) = z,. We
know that x,, € U, but z,, have a convergent subsequence x, — y € R\ U which is closed, so due to
continuity, we must have f(z) = f(y) = x—y €Z = z =y ¢ U, which is a contradiction.

Proposition 4.34. Let X be a topological space, and R an equivalence relation on X. Then

(i) if X/R is Hausdorff, then R is closed in X X X;

(ii) if R is closed in X X X and the quotient map ¢ : X — X/R is an open map, then X/R is
Hausdorff.

Proof.

(i) Let W = X x X\ R. We want to show W is open, so is a neighbourhood of all its points. Given
(z,y) € W, we have = ¢ y, so q(z) # q(y). Since the quotient is Hausdorff, there exists open
sets S, T in X/R such that SNT =0 and g(z) € S, q(y) € T. Let U = ¢ *(S), V = ¢ Y(T)
which are open in X, and € U, y € V. For all (a,b) € U X V, we have g(a) € S, ¢(b) € T, so
a®b. So(z,y) € U XV CW. Hence R is closed.
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(ii) Let z # w € X/R, and we want to separate these points by open sets. Let 2,y € X such that
q(z) = z, ¢(y) = w. Then (x,y) € W, which is open. Hence there exists open sets U,V in X
such that (z,y) € U x V. C W. Since ¢ is an open map, q(U) and ¢(V) are open in X/R, and
z=gq(x) € qU), w=q(y) € ¢q(V). Now it suffices to show ¢(U) N ¢(V) = @, which is obvious

as for all (a,b) e U XV C W, (a,b) € R, so q(a) # q(b). O
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5 Connectedness

5.1 Connectedness

An interval I in R has the defining property that Vz,y,z € R,z <y < z, we have z,z € [ = y € [.
We know that a real continuous function maps intervals to intervals due to the intermediate value
theorem. But it may not work if the (restricted) domain is not an interval.

Definition 5.1. A topological space is disconnected if there are open U,V C X such that U # () and
V # ) partition X, i.e. UNV =@ and UUV = X. We then say U and V disconnect X.

A topological space X is connected if it is not disconnected.

Remark. Note that being connected is a property of a space, not a subset. When we say A is a
connected subset of X, it means A is connected with the subspace topology inherited from X.

Being (dis)connected is a topological property, i.e. if X is (dis)connected, and X =2 Y, then Y is
(dis)connected. To show this, let f: X — Y be the homeomorphism. By definition, A is open in X
iff f(A) is open in Y. So A and B disconnect X iff f(A) and f(B) disconnect Y.

Ezxamples.

(i) If X has the indiscrete topology, it is connected.
(if) If |X| > 2 and X has the discrete topology, then it is disconnected.

(iii) Let X C R. If there is some o € R\ X such that there is some a,b € X with a < o < b, then
X is disconnected. In particular, X N (—oo, ) and X N («, c0) disconnect X.

Proposition 5.2. X is disconnected <= there is a continuous surjective f : X — {0,1} with the
discrete topology.

Corollary. X is connected <= any continuous map f: X — {0,1} is a constant.

Proof.
(=) Let A and B disconnect X, and define

f(ac):{o reA

1 z€B.

Y0 =0, f71({0,1}) = X, f~1({0}) = A and f~1({1}) = B are all open, so f is continuous.

(<) Given such f surjective and continuous, define A = f=1({0}), B = f~'({1}). Then A and B
disconnect X. g

Theorem 5.3. [0,1] is connected.

Note that QN [0, 1] is disconnected. The key property of R is the least upper bound property.

Proof. Suppose A and B disconnect [0,1]. Wlog, assume 1 € B. Since A is non-empty, o = sup A
exists. Then either

e a € A Then o < 1, since 1 € B. Since A is open, Je > 0 with Be(a) C A. So a + § € A,
contradicting the supremality of «; or

o a ¢ A. Then a € B. Since B is open, Je¢ > 0 such that B.(a) C B. Then a < o — € for all
a € A. This contradicts o being the least upper bound of A.
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So such A and B cannot exist and [0, 1] is connected.
Corollary. Let X C R. X is connected if and only if it is an interval.
Lemma 5.4. If f: X — Y is continuous and X is connected. Then im f is also connected.

Proof. Let f: X — Y be continuous. Then if we alternatively consider f as f : X — im f, it is also
continuous. Then if U,V disconnect im f, f~1(U), f~1(V) disconnect X.

Corollary. The following are equivalent:

(i) X is connected,;
(ii) if f: X — R is continuous, then f(X) is an interval;
(iii) if f : X — Z is continuous, then f is constant.

Theorem 5.5 (Intermediate value theorem). Suppose f : X — R is continuous and X is
connected. If Jxg, 1 € X such that f(xg) <0 < f(z1), then Iz € X with f(z) = 0.

Proof. Suppose no such z exists. Then 0 ¢ im f while 0 > f(z¢) € im f, 0 < f(z1) € im f. Then
im f is disconnected, contradicting X being connected. O

The converse of the intermediate value theorem is also true. If X is disconnected, we can always

find a function g that does not satisfy the intermediate value property. Just let f : X — {0,1} be

continuous and define g(z) = f(z) — 3.

Lemma 5.6. Let Y be a subspace of a topological space X. Then Y is disconnected if and only if
there exists open subsets U,V C X such that UNVNY =0, UUV DY, UNY #AQand VNY # 0.

Proof. Suppose Y is disconnected. Then there exists open subsets U’,V’ C Y that disconnect Y.
Then there exists open sets U,V C X such that U/ =UNY and V' =V NY. Then U,V satisfy the
requirements.

Conversely, suppose U,V are as given. Then let U = UNY and V' = VNY. They disconnect
Y. O

Proposition 5.7. Let Y be a subspace of a topological space X. If Y is connected, then so is Y.

Proof. Suppose Y is disconnected. Then 3U,V C X open which disconnect Y. Then UNV NY C
UNVNY =0. Hence UNV NY = (. Also, UUV DY D Y. So by the previous lemma, U,V
will disconnect ¥ unless UNY =0 or VNY = (. Since Y is connected, let us assume VNY = {
wlog. Then Y C X \ V, which is closed, so we also have Y € X \ V. Hence VNY = (. This is a
contradiction since U,V disconnect Y.

Proposition 5.8. Let X be connected and R an equivalence relation on X. Then the quotient space
X/R is connected.

Proof. The quotient map is continuous and surjective. [l

- { (o)

W
\/ 1

Ezxample. Let
T > 0} c R2.
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This space is connected since it is the image of a continuous function

f:(0,00) = R?

< ! 1)
T | x,sin —
T

on a connected space. Hence Y is connected. We claim that
Z:=Y U{(0,y)|ye[-11]}

is exactly Y. Indeed, given y € [—1,1], for all n € N we have that (0,1/n) is mapped to (n,c0) by
x — 1/x, so by the intermediate value theorem there exists x,, € (0,1/n) such that sinl/z, = y.
Hence,

1 _
(xnaSin x) = (xnay) - (Ovy) € Ya

n

soY CZCY. As Z is closed, it is exactly Y.

Lemma 5.9. Let o/ be a family of connected subsets of a topological space X such that VA, B € &7,
AN B #(. Then
U4

Acd

is connected.

Proof. Let Y = J ¢,y Aand let f:Y — Z be continuous. For all A € &/, f|a : A — Z is continuous
and hence constant. For all A, B € &/, AN B # () hence f|4 and f|g are both constant and have the
same value. So f must be constant, and hence Y is connected. ([

Proposition 5.10. Let X and Y be connected topological spaces. Then X X Y is connected.

Proof. Let g € X. Then {x0} X Y 2 Y is connected. Similarly, for all y € Y, X X {y} = X is
connected. {xo} XY NX X {y} = {(xo,y)} # 0. Hence, A, = {xo} Xx Y UX X {y} is connected by the
previous lemma. For all y,z € Y, Ay N A, D {zo} XY, s0 Ay N A, # (. Hence, |,y 4y = X XY
is connected. d

Ezample. R™ is connected.

5.2 Path-connectedness
The other notion of connectedness is path-connectedness. A space is path-connected if we can join
any two points with a path.

Definition 5.11. Let X be a topological space, and xg,z; € X. Then a path from zg to x7 is a
continuous function v : [0,1] — X such that v(0) = 2y and (1) = ;.

Definition 5.12. A topological space is path-connected if for all points xg,x; € X, there is a path
from xq to x1.

Ezxamples.
(i) (a,b), (a,b], [a,b) and R are all path-connected.
(ii) R™ is path-connected (e.g. using v(t) = tx1 + (1 — t)zg).

(iii) R™\ {0} is path-connected for n > 1. (Paths are either line segments or bent line segments to
get around the hole).

Path-connectedness is a stronger condition than connectedness.
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Proposition 5.13. If X is path-connected, then X is connected.

Proof. Let X be path-connected, and let f : X — {0,1} be a continuous function. We will show that
f is constant.

Let z,y € X. By path-connectedness, there is a map v : [0,1] — X such that y(0) = = and
(1) = y. Composing with f gives a map f o~ :[0,1] — {0,1}. Since [0,1] is connected, the map
must be a constant. In particular, f(v(0)) = f(y(1)), i.e. f(z) = f(y). Since x,y were arbitrary, f
is constant.

The converse is not true.

Ezample. Take the topologist’s sine wave,

1
X = { <x,sin >
T

We have shown that it is connected, but it is not path-connected.

x>o}u{<o,y> PEIERYY

To show this, pick points (0,0), (1,sin(1)) € X. Assume that v : [0,1] — X is continuous and
~v(0) = (0,0) = z, v(1) = (1,sinl) = y. Let v = (y1,72), so 71 and 72 are continuous. For
te0,1] such that v1(t) > [0 v (t)] € 71([0,¢]) by the intermediate value theorem, so In € N such
that (27n)~1, (2mn + 7/2) =1 € (0,71(t)) € 71([0,]). So there is some a,b < t with v;(a) = (27m)_1,
~v1(b) = (27Tn+7r/2) L hence 2 (a ) 0, v2(b) = 1, so we can thus find a sequence 1 >t >ty > --- >0

with
() 1 ifniseven
V2Abn) = 0 otherwise

So t,, converges but v, (¢,) does not. This is a contradiction.

We can use connectivity to distinguish spaces. Apart from the obvious “X is connected while Y
is not”, we can also try to remove points and see what happens.

Lemma 5.14. Suppose f : X — Y is a homeomorphism and A C X, then f|4 : A — f(A) is a
homeomorphism.

Proof. Since f is a bijection, f|4 is a bijection. If U C f(A) is open, then U = f(A) N U’ for some
U’ openin Y. So f|;'(U) = f~H(U) N A is open in A. So f|a is continuous. Similarly, we can show
that f|," is continuous so f|4 is a homeomorphism. O

Ezample. [0,1] % (0,1).

Suppose it were. Let f :[0,1] — (0,1) be a homeomorphism. Let A = (0,1]. Then f|4: (0,1] —
(0,1) \ {f(0)} is a homeomorphism. But (0, 1] is connected while (0,1) \ {f(0)} is disconnected.
Contradiction.

Similarly, [0,1) 2 [0,1] and [0,1) 2 (0,1). Also, R 2 R for n > 1, and S! is not homeomorphic
to any subset of R.

Higher Connectivity*

We were able to use path-connectedness to determine that R is not homeomorphic to R™ for n > 1. If
we want to distinguish general R™ and R™, we will need to generalise the idea of path-connectedness
to higher connectivity.

We have to formulate path-connectedness in a different way. Recall S° = {-1,1} 2 {0,1} C R
and D' = [-1,1] 2 [0,1] C R. Then we can formulate path-connectedness as: X is path-connected
if any continuous f : S° — X extends to a continuous vy : D! — X with v|g0 = f.
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Definition 5.15. X is n-connected if for any k < n, any continuous S*¥ — X extends to a continuous
F : D*1 — X such that F|gr = f.

For any point p € R™, R™ \ {p} is m-connected if and only if m <n —2. So R™\ {p} #R™\ {q}
unless n = m. So R™ 2 R™.

5.3 Components

If a space is disconnected, we could divide the space into different components, each of which is
(maximally) connected. We would have a different notion of components for each type of connectivity.

5.3.1 Path Components

Lemma 5.16 (Gluing lemma). Let f : X — Y be a function between topological spaces. If
X = AU B where A, B are closed and f|4, f|p are continuous, then f is continuous.

Proof. Given V closed in Y,
TV = VN AU (V)N B) = fIZH (V) U fIEHV)
is closed since A, B are closed. Hence f is continuous. O

Lemma 5.17. Define x ~ y if there is a path from x to y in X. ~ is an equivalence relation.

Proof.

(i) For any x € X, x ~ x using the constant path.

(ii) If v :[0,1] — X is a path from z to y, then 7 : [0,1] = X by ¢t — v(1 — t) is a path from y to
. Sox~y = y~ 2.

(iii) If q is a path from z to y and 75 is a path from y — 2. Then 75 x 1 defined by

w@t)  te0,1/2]
b {72(%_ 1) tell/21]

is a path from z to z. Sox ~y,y~2z — x ~ z.

We can then immediately define the path components.

Definition 5.18. Equivalence classes of the relation “z ~ y if there is a path from x to y” are path
components of X.

5.3.2 Connected Components

Definition 5.19. For x € X, define
Cz)={AC X |z € Aand A is connected} .

Then C, = UAEC(x) A is the connected component of x.
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C, is the largest connected subset of X containing z. As {z} € C(z), = € C,. Note that
{z} € Naec(x) 4 so0 it is non-empty. As each A € C(z) is connected, C is connected by a lemma
above.

Lemma 5.20. If y € C,, then C, = C,.

Proof. Since y € C, and C, is connected, C,, C Cy. So xz € Cy. Then C, C C,. Hence C, = Cy. O

It follows that x ~ y if x € Cy defines an equivalence relation and the connected components of
X are the equivalence classes.

Examples.

(i) Let X = (—00,0)U(0,00) C R. Then the connected components are (—oco,0) and (0, 00), which
are also the path components.

(ii) Let X = Q C R. Then C, = {z} for all z € X. In this case, we say X is totally disconnected.

It is also important to note that path components need not be equal to the connected components,
as illustrated by the following example. However, since path-connected spaces are connected, the path
component containing x must be a subset of C,,.

The topologist’s sine function would be an example. The whole function is connected, but it
divides into two path-connected components.

Finally, recall that we showed that path-connected subsets are connected. While the converse is
not true in general, there are special cases where it is true.

Proposition 5.21. If U C R" is open and connected, then it is path-connected.
Proof. Let A be a path component of U. We first show that A is open.

Let a € A. Since U is open, Je > 0 such that D.(a) C U. We know that D.(a) is path-connected.
Since A is a path component and a € A, we must have D.(a) C A. So A is an open subset of U.

Next suppose b € U \ A. Then since U is open, Je > 0 such that D.(b) C U. Since D.(b) is
path-connected, so if D(b)NA # @, then D.(b) C A. But this implies b € A, which is a contradiction.
So D.(b))NA=0. So D.(b) CU\ A. Then U \ A is open.

So A, U \ A are open subsets of U. Since U is connected, we must have U \ A empty, so U = A
is path-connected. O
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6 Compactness

Compactness is an important concept in topology. It can be viewed as a generalisation of being closed
and bounded in R. Alternatively, it can also be viewed as a generalisation of being finite. However,
there are no corresponding definitions in general metric spaces or vector spaces.

Compact sets tend to have a lot of really nice properties.
Ezxamples.
(i) If X is finite, then any function X — R is bounded.

(ii) For a f : X — R, if there exists n € N and A;,... A, C X such that X = (J; 4; and f is
bounded on each A;, then f is bounded on X.

(iii) Continuous functions are ‘locally bounded’. If f : X — R is continuous, then for all z € X, we
have U, = f~((f(z) — 1, f(z) + 1)) an open set containing x, and f is bounded on U,. So each
point has an open neighbourhood on which f is bounded. Further, X = J,.x Us. If there
exists a finite subset F' C X such that |J,.» U, = X, then f is bounded on X.

This is exactly what we will use to define compactness.

zEF

6.1 Compactness

Definition 6.1. Let (X, 7) be a topological space. An open cover of X is a subset % C 7 such that

Juv=x.

Ueu

We say % covers X.
If v C % and ¥ covers X, then we say that ¥ is a subcover of % .

Definition 6.2. A topological space X is compact if every open cover % of X has a finite subcover
YV ={W,....,.Va,} C%.

Ezxamples.
(i) Let X be a finite set. Then any cover % C 7 C P(X) is finite. So X is compact.

(ii) Let X =R and % = {(—R,R) | R € R, R > 0}. This is an open cover with no finite subcover.
So R is not compact. Hence all open intervals are not compact since they are homeomorphic to
R.

(iii) Let X = [0,1]N Q. Let
U,=X\(a—1/n,a+1/n)

for some irrational number a € (0,1). Then (J,.,U, = X since a is irrational. Then % =
{U, | n € Z,n > 0} is an open cover of X. Since it has no finite subcover, X is not compact.

Theorem 6.3. [0, 1] is compact.

Again, this is not true for [0,1] N Q so we must use some special properties of the reals.

Proof. Suppose % is an open cover of [0,1]. Let
A ={a€][0,1] ] [0, a] has a finite subcover of % } .

First we can show that A is non-empty. Since % covers [0, 1], there must be some Uy € % that
contains 0. So {0} has a finite subcover % = {Up}. So 0 € A.
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Next we note that by definition, if 0 < b < a and a € A, then b € A. Now, let @« = sup A. Then
a€0,1].

Since % covers X = [0,1], let o« € U, € %. Since U, is open, there is some € such that
D.(a) C Uy. By the definition of o, we must have o — ¢/2 € A, so [0, — €/2] has a finite subcover.
Add U, to that subcover to get a finite subcover of [0,7], where n = min{a + ¢/2,1}. This is a
contradiction unless o = sup A = 1.

Also, 3U; € % such that 1 € U and € > 0 such that (1 —¢€,1] C U;. Since 1 — € € A, there exists
a finite ¥ C % that covers [0,1 —€/2]. Then # = ¥ U{U} C % is a finite subcover. O

We mentioned that compactness is a generalisation of “closed and bounded”. We will now show
that compactness is indeed in some ways related to closedness.

Proposition 6.4. If X is compact and C' is a closed subset of X, then C' is also compact.

Proof. Suppose % is an open cover of C. Let % = {U, | « € T}. For each «, since U, is open in C,
U, = CNU, for some Ul open in X. Also, since |J .7 Ua = C, we have |J .U, D C.

acT ~ & a€eT

Since C'is closed, U = X \ C is open in X, s0 ¥ = {U,, | « € T} U{U} is an open cover of X.
Since X is compact, ¥ has a finite subcover ¥’ = {U/ ,..., U, ,U} (U may or may not be there,
but it does not matter). Since UNC =0, %' ={Usy,...,Us, } C % is a finite subcover of C. O

The converse is not always true, but holds for Hausdorff spaces.

Proposition 6.5. Let X be a Hausdorff space. If C' C X is compact, then C' is closed in X.

Proof. Let U = X \ C. We will show that U is open. For any « € U, we will find a U, such that

x €U, CU. Then U = |,y U, will be open since it is a union of open sets.

To construct U, fix x € U. Since X is Hausdorff, for each y € C, IU,y,V,, as open
neighbourhoods of  and y respectively with Uy, NV, = 0.

Then % = {Vy,NC |y € C} is an open cover of C. Since C' is compact, there exists a finite subcover
V ={Vyy, NC,...,Vyy, NC}.

Let Uy = (i) Usy,- Then U, is open since it is a finite intersection of open sets. To show U, C U,
note that V, = U, Vay, D C since ¥ = {V,,, N C} is an open cover. We also have V, N U, = 0. So
U, C U. So done. O
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After relating compactness to closedness, we will relate it to boundedness. First we need to define
boundedness for general metric spaces.

Definition 6.6. A metric space (M, d) is bounded if there exists L € R such that d(z,y) < L for all
T,y € M.

Ezample. A C R is bounded iff A C [N, N] for some N € R.

Remark. Note that being bounded is not a topological property. For example, (0,1) 2 R but (0,1)
is bounded while R is not. It depends on the metric d, not just the topology it induces.

Proposition 6.7. A compact metric space is bounded.

Proof. Pick # € X. Then % = {D,(z) | r € R"} is an open cover of X. Since X is compact, it has a
finite subcover {D;, (x),..., D, (x)}. Let R = max{ry,...,r,}. Then d(z,y) < R for all y € X. So
for all y,z € X,

d(y, z) < d(z,y) +d(z,2) < 2R,

so X is bounded.

Theorem 6.8 (Heine—Borel theorem). C' C R is compact if and only if C is closed and bounded.

Proof. Since R is a metric space, it is Hausdorff and C' is also a metric space.
If C is compact, then C' is closed in R and is bounded by the previous two propositions.

Conversely, if C' is closed and bounded, then C' C [-N, N]| for some N € R. Since [-N, N| = [0, 1]
is compact, and C' is closed in [N, N], C' is compact. O

Corollary. If A C R is compact, Joa € A such that a > a for all a € A.

Proof. Since A is compact, it is bounded. Let a@ = sup A. Then by definition, o > a for all a € A.
So it is enough to show that a € A.

Suppose o € A. Then o € R\ A. Since A is compact, it is closed in R, so R\ A is open. So Je > 0
such that D.(a) C R\ A, which implies that a < a— € for all a € A. This contradicts the assumption
that o = sup A. So we can conclude «a € A. O

We call @ = max A the mazimum element of A.

We have previously proved that if X is connected and f : X — Y is continuous, then im f C Y is
connected. The same statement is true for compactness.

Proposition 6.9. If f: X — Y is continuous and X is compact, then im f C Y is also compact.

Proof. Suppose % = {U, | « € T} is an open cover of im f. Since U, is open in im f, we have
Vo = f~1(U,) openin X. If z € X then f(z) is in U, for some o, so x € V,,. Thus ¥ = {V, | a € T’}
is an open cover of X.

Since X is compact, there is a finite subcover ¥’ = {V,,,...,Vy, } of ¥. Since U, C im f,

f(Va) = f(fH(Ua)) C Uq. So
U ={Uy,,...,Us,}

is a finite subcover of 7% . t

Theorem 6.10 (Maximum value theorem). If f : X — R is continuous and X is compact, then
Jz € X such that f(z) > f(y) for all y € X.

Proof. Since X is compact, im f is compact. Let « = max{im f}. Then « € im f. So Iz € X with
f(z) = . Then by definition f(z) > f(y) for all y € X. O

Remark. A function on a compact domain is bounded and attains its bound.
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6.2 Products and Quotients
6.2.1 Products

Recall the product topology on X X Y: U C X X Y is open if it is a union of sets of the form V x W
such that V C X, W C Y are open.

The major takeaway of this section is the following theorem.

Theorem 6.11. If X and Y are compact, then sois X X Y.

Proof. First consider the special type of open cover % of X X Y such that every U € % has the form
U=V x W, where VC X and W CY are open. For every (z,y) € X XY, there is U, € % with
(z,y) € Ugy. Write

Uy = Vay X Way,

where V,, C X, W, CY are open, z € Vy, y € Wy,
Fix € X. Then #; = {W,, | y € Y} is an open cover of Y. Since Y is compact, there is a finite

subcover {Way,, ..., Wy, }. Then V, = (), Vay, is a finite intersection of open sets. So V,, is open
in X. Moreover, %Z; = {Usy,,- .., Usy, } covers V, X Y.

v Ve x Y

Now ¥ = {V, | * € X} is an open cover of X. Since X is compact, there is a finite subcover
V' ={Varsoooy Vi, . Then %' = .-, %, is a finite subset of %, which covers all of X X Y.

In the general case, suppose % is an open cover of X XY, For each (z,y) € X XY, 3U,, € % with
(x,y) € Uyy. Since Uyy is open, IV, C X, Wy, C Y with Vy X Wy C Uy and « € Vyy,y € Wy,

Then 2 = {V,y X Wy, | (z,y) € X XY} is an open cover of X XY of the type we already considered
above. So it has a finite subcover {Vg,y, X Wayyys o Vo y X Waowo b Now Voo X Wa,y, C Ug,y,.
So {Uz.ys»- -+ Us,,y, } 1 & finite subcover of % . O

Ezample. The unit cube [0,1]" = [0,1] X ... X [0,1] is compact.
Corollary (Heine—Borel theorem in R™). C' C R™ is compact iff C' is closed and bounded.

Proof. It C' is bounded, C' C [—N, N]™ for some N € R, which is compact. The rest of the proof is
the same as for n = 1. O

Corollary (Tychonoff’s theorem (finite product case)). Finite products of compact spaces are
compact.

Remark. This also works for arbitrary products, but the proof is much harder.
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6.2.2 Quotients

Proposition 6.12. If X is compact and R is an equivalence relation on X, then X/R is compact.
Proof. The quotient map is continuous and surjective, so its image is compact. O

Theorem 6.13 (Topological inverse function theorem). Suppose f : X — Y is a continuous
bijection. If X is compact and Y is Hausdorff, then f is a homeomorphism.

Proof. We show that f~! is continuous. To do this, it suffices to show (f~1)~1(C) is closed in Y’
whenever C is closed in X. By hypothesis, f is a bijection, so (f~1)~1(C) = f(C). Suppose C is
closed in X. Since X is compact, C is compact. Since f is continuous, f(C) = im f|¢ is compact.
Since Y is Hausdorff and f(C) C Y is compact, f(C) is closed as required. O

We will apply this to quotients.

Recall that if R is an equivalence relation on X, ¢ : X — X/R is continuous if and only if
f: X — Y is continuous, where f = f o q is defined such that 2Ry = f(z) = f(y).

Corollary. Suppose f : X/R — Y is a bijection, X is compact, Y is Hausdorff, and f oq is continuous,
then f is a homeomorphism.

Proof. Since X is compact and ¢ : X — X/R is continuous, imq C X/R is compact. Since fogqis
continuous, f is continuous, so we can apply the above proposition.

Ezample. Let X = D? and A = S' € X. Then
f:X/A— 82
(r,0) — (1,71, 0)
in spherical coordinates is a homeomorphism.

We can check that f is a continuous bijection and D? is compact. So D?/St = g2,

6.3 Sequential Compactness
The other definition of compactness is sequential compactness. We will not do much with it, but only
prove that it is the same as compactness for metric spaces.

Definition 6.14. A topological space X is sequentially compact if every sequence z,, € X has a
convergent subsequence.

Ezample. Any closed and bounded subset of R™ is sequentially compact by Bolzano—Weierstrass
theorem.

Lemma 6.15. Let x,, be a sequence in a metric space (M, d) and 2z € M. Then z,, has a subsequence
converging to z if and only if for every € > 0, x,, € D(z) for infinitely many n.

Proof.

(=) If 2, — =, then for every e > 0, we can find I € N such that ¢ > I implies x,,, € D.(z).

(<) Now suppose for every e > 0, there are infinitely many z, € D.(z). We will construct a

sequence x,, inductively. Take ng = 0. Suppose we have defined z,,,...,%n, ,. By hypothesis
T, € Dy/i(x) for infinitely many n. Take n; to the smallest such n with n; > n;_;. Then
d(xn,,x) < 1/i implies that z,, — . O
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Definition 6.16. Let (M, d) be a metric space. For ¢ > 0 and F C M. We say F is an e-net for M
if Ve € M, Jy € F such that d(z,y) < e. That is,

M= Be(y).

yeF

We say M is totally bounded if for any € > 0, there is a finite e-net for M.

Ezample. For ¢ > 0, take n such that 1/n < e. Then

1 2 n—1
et EEEE Sy

is an e-net for (0,1).

Note that any compact space is totally bounded, but the converse is not true. The (0,1) above is
an example. The only thing missing here is completeness.

Definition 6.17. For a non-empty set A C M, the diameter of A is

diam A := sup d(z,y).
T, yeA

Clearly, the diameter of a set is finite if and only if it is bounded.
Theorem 6.18. For a metric space, the following are equivalent:
(i) M is compact.
(ii) M is sequentially compact.
(iii) M is totally bounded and complete.

Proof.
o (i) = (ii). Let x, be a sequence in M, so for n € N, let A,, = {z} | £ > N}. Note that the

limit of any convergent subsequence, if it exists, is in the intersection [,y An. We first show
that it is non-empty. Assume it is empty, then

U m\A, =M.

neN

Each M \ A, is open, so it is an open cover of M. By the compactness of M, it has a finite
subcover, so there is some N € N such that |J,,.y M \ A, = M. But {A,} is decreasing, so
necessarily M \ Ay = M, then Ay = ). Contradiction.

Now let = € Mpen An, and we want to show the existence of a subsequence converging to .
First, € Ay, so Dy(z) N Ay # (). Hence there exists k1 > 1 such that d(zy,,2) < 1. Now since
T € Ay, Dy j5(x) N Ay, # 0, there exists ky > ki such that d(zy,, ) < 1/2. Inductively, we can
find ky < k2 < ... such that d(z,,x) < L for all n € N. Hence zy, — =.

o (ii) = (iii). M is complete since a Cauchy sequence with a convergent subsequence is convergent.
To see it is totally bounded, assume it is not, then there is some ¢ > 0 such that every e-net
is infinite. Pick any z; € M, and once we have already picked z1,...,x,, we pick x,41 &
Up—; Be(xg). This is always valid since otherwise M would have a finite e-net. But then the
sequence &, cannot have any Cauchy subsequence, so it has no converging subsequence.
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o (iii) = (i). Assume such an M is not compact, so there is an open cover % without any finite
subcover. We say A C M is “bad” if there is no finite subcover of A in %. So, for example,
M C M is bad while ) C M is not. Note if A = U?_, B; is bad, then there is some i such that
B, is bad.

Next, we want to show that if A is bad and € > 0, then 9B C A such that B is bad and
diam B < e. Indeed, since M is totally bounded, we have a finite ¢/2-net F. Then M =
U.er Bej2(), and hence A = |J,cp(Bej2(w) N A). Since A is bad, there is some x € F' such
that B, o(x)N A is bad, which has a diameter less than e. From this we can construct a sequence
M > Ay D Ay D ... such that A, is bad for any n and diam A,, < 1/n. Picking z,, € A,, gives
a Cauchy sequence z,, which converges to x € M by completeness. There must be some U C %
open that contains x, and it necessarily covers A, when n is large enough. Then A,, is not bad.
Contradiction. O

Remarks.

(i) This is a new proof of Bolzano—Weierstrass theorem. This also proves the Tychonoff’s theorem.

(ii) Sadly, the equivalence of sequential compactness and compactness fails in both directions for a
general topological space.
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7 Differentiation

7.1 Differentiation

Recall that a function f: R — R is differentiable at a if

i Fath) = f(@
h—0 h

exists. So let 1 B - fa)
a+h)— fla

o @

then f(a+ h) = f(a) + f'(a)h + e(h)h and € — 0 as h — 0. We can think of this as €(0) = 0 and

€ is continuous at 0. We want to use this to define differentiation in higher dimensions. Consider

functions from R™ to R™, where m,n € N.

e(h) =

Definition 7.1. L(R™,R") denotes the set of linear maps from R™ to R™.

Definition 7.2. Given m,n € N and an open set U C R™, a function f : U — R" and a € U. We
say f is differentiable at a if there is a linear map T : R™ — R™ and a function e : {h € R™ |a+ h €
U} — R™ such that

fla+h) = f(a) +T(h) +e(h)[|h],

where € — 0 as h — 0 (or equivalently €¢(0) = 0 and € is continuous at 0).

Remark.
0 ifh=0,

e(h) =9 fla+h)— f(a) = T(h)
17l

Since U is open, Jr > 0 such that D, (a) C U, so D,(a) C Dome. Note that our condition on e is
equivalent to saying e(h)||h|| = o(||h]]) as h — 0.

ifh#0,a+heU.

Alternatively, we may write

o Sath) — fa) = T(h)

=0.
h—0 Al

Next, we observe that such T, if it exists, is unique. If both TS satisfy our condition, then
(S(h) =T(R))/|Ik|| = 0 as h — 0, so by choosing h = x/n for n € N we have S =T.

Definition 7.3. This unique T is called the derivative of f at a, usually denoted by f'(a), Df(a) or
D fla, such that
fla+h) = f(a) + f'(a)h+o(||A]]) -

Definition 7.4. We say f is differentiable on U if it is differentiable at a for every a € U. The
derivative of f on U is the map

f U = L(R™, R")
x> f'(z)

Ezamples.

(i) Constant functions are differentiable. We can take f’(a) = 0 € L(R™,R").

(ii) Every linear map f is differentiable. Let f(x) = T'(z) for some T' € L(R™,R"™). Then
fla+h)=f(a)+ f(h)+0

so f is differentiable at a with a derivative T
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(iii) Take f:R™ — R by f(z) = ||#||>. Then
fla+h) = lla+h|*
= lla|® + 2 (alh) + |B|®
= f(a) +2{alh) + o(||[]),
so f'(a)(h) = 2{alh).

Proposition 7.5 (Differentiable functions are continuous). Let U C R™ and a € U. If f :
U — R"™ is differentiable at a, then f is continuous at a.

Proof. If f is differentiable, then as h — 0, we have
fla+h) = fla) = f'(a)(h) = 0.
Since f'(a)(h) — 0 as well, we must have f(a + h) — f(a). O

7.2 Operator Norm

So far, we have only looked at derivatives at a single point. We haven’t yet discussed much about
the derivative at a neighbourhood or the whole space. We might also want to ask if the derivative is
continuous or bounded. This is not a straightforward question as we need to define these notions for
functions whose values are linear maps. In particular, we want to understand the map Df : B.(a) —
L(R™,R™). To do so, we need a metric on the space L(R™,R™). We will do this by defining a norm.

L(R™ R"™) is a vector space over R with addition and scalar multiplication defined pointwise. In
fact, it is a subspace of C(R™,R™). To prove this, we will need to show that all linear maps are
continuous.

Lemma 7.6. Linear maps in L(R™,R™) are Lipschitz and hence continuous.

Proof. Let {e;} be the standard basis for R™ and x = ), z;e;. By Cauchy-Schwarz,

ITz) <Y lellTesl

i=1

m m
>l | D IITe®
i=1 i=1

IA

O

We can use this fact to define the norm of linear maps. L(R™,R") is isomorphic to R™", both
algebraically and topologically, since it is isomorphic to M, x.m,, the space of n x m real matrices. It
does not really matter which norm we pick as they are all Lipschitz equivalent. We will introduce
two of them.

7.2.1 Sup Norm

Definition 7.7. The sup norm on L(R™ /R™) is defined by

[All = sup  [[Az].

z€R™ ||z||=1

o1
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Thus, L(R™,R™) becomes a metric space with the metric d(S,T) =[S —T|.
Proposition 7.8.
(i) |4l is finite.
(ii) || - || is indeed a norm on L(R™,R™).
(i)
[ Az]

Al =
zeR™\{0} |||

(iv) |4z < | Allja] for all z € R™.
(v) Let A € L(R™,R"™), B € L(R",R?). Then BA = Bo A € L(R™,RP) and
|BA| < |BJ[IA]
Proof.
(i) This is true because A is continuous and {z € R™ | ||z| = 1} is compact.
(ii) The only non-trivial part is the triangle inequality. We have

|A+ B = sup | Az + Bzx||
lzl|=1

< sup ([|Az| + [|Bz])

lell=1
< sup |[|Az| + sup | Bzl
=1

llzll=1 |||

= [[A[l+ 1Bl

(iii) This follows from the linearity of A, and the fact that for any = € R™, we have

T

]

(iv) Immediate from above.

v | BAz|| | BIl[| Az||
T T
|BA|| = sup < sup —— =|B|lA4]-
zeR™\{0} [|]] zeR™\{0} [Eal

For certain easy cases, we have a straightforward expression for the operator norm.
Proposition 7.9.

(i) If A € L(R,R™), then A can be written as Az = za for some a € R™. Moreover, ||A|| = ||al,
where the second norm is the Euclidean norm in R"™.

(ii) If A € L(R™,R), then Az = x - a for some fixed a € R™. Also, ||A| = ||a|.
Proof.
(i) Set A(1) = a. Then by linearity, we get Az = £ A(1) = xa. Then we have
[Az[| = |z|llall

(i) Let {e;} be the standard basis of R™. Let a; = Ae; and a = ), a;e;. The rest follows by
linearity. O
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7.2.2 Euclidean Norm

Let {e;}/2, be the standard basis of R™ and let {€’}7_; be the standard basis of R". Then T €
L(R™,R") is identified with a nxm matrix T, where T}; = (Te; }e;->. We can therefore view L(R™, R™)

as the mn-dimensional vector space R™", which can be equipped with an Euclidean norm.

Definition 7.10. The FEuclidean norm on L(R™ R™) is defined by

m n m

Tl = | DD Th= | D IITeill”,

i=1j=1 i=1

where Te; is the i-th column of T.

Again, we have the metric d(S,T) = ||S — T|| on L(R™,R").

Lemma 7.11.
(i) Given a linear map T, for every & € R™, we have ||Tz|| < ||T|||z]|-
(ii) For S € L(R™,R™), T € L(R",R?), | TS| < || T|I|IS]]-

Proof.
(i) Let x =), z;e;, then

m m
2 2
Tl < | D lwal*y | D ITeill” = ll= )17
i=1 i=1

by Cauchy—Schwarz, as shown before.

(i)

A

ITSII = | D ITSeill* < | D ITIPISesl* = TS -
i=1 i=1

O

As these two definitions of the norm on L(R™,R™) are equivalent, we will not distinguish them
in the future. The notation || T|| may refer to either of them.

Ezxample. Any bilinear map f : R™ x R™ — RP is differentiable. We have
f((a,b) + (h, k) = f((a+h,b+ k) = f(a,b) + f(a, k) + f(h,b) + f(h, k).

Note that f(a,k) + f(h,b) is linear in (h, k), therefore it remains to check f(h,k) = o(||(h,k)|]).
Indeed,

1f(h, k)| = Hf > hiei Y kje; H
i=1 j=1

< Z|hi||kj|||f(ei7€j)”
< II(h,k)HQZ 1f (eire5)l
= O(I(h, B)1*) = o(l|(h, K -

Therefore,

f/(a7b)(hv k) = f(aak) + f(hab) :
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Let M,, = L(R™,R") be the collection of all n x n real matrices. Consider f : M,, — M,,, A — A2,
It has
f(A+H)=A*+ AH + HA+ H? = f(A) + AH + HA+o(||H]) .

So f/(A)(H) = AH + HA.

Proposition 7.12 (Chain rule). Consider open sets U C R™, V C R" and functions f : U — R",
g:V — RP such that f(U) C V. If f is differentiable at a and g is differentiable at f(a), then go f
is differentiable at a and

(9o f)(a) =g (f(a)f'(a).
Proof. Let A= f'(a) and B = ¢'(f(a)). By the differentiability of f, we know

fla+h) = f(a) + Ah + o(||hl))
9(f(a) + k) = g(f(a)) + Bk + o(|[k]) -

Now we have

go fla+h)=g(f(a) + Ah+o(|[h]]))
k
= g(f(a)) + B(Ah + o([[n]])) + o(Ah + o([[2[]))
= go f(a) + BAh+ B(o(||hl])) + o(Ah + o(||A])) -

We only have to show that the last two terms are o(]|h||). This is true since
Bo([[r[) < IBlHlo(IAIDI = o(lIAll),
and for sufficiently small h,
[ AR+ o[IRIDI] < AR + lloCIRIDIF < ([A[F+ 1)[A]]
so o(Ah + o(||h]))) is o(]|h]|) as well. Hence
go fla+h)=go f(a)+ BAh+o(||h]).
O

Proposition 7.13. Let U C R™ be open. f: U — R" is differentiable at a € U if and only if each
component f; = m; o f is differentiable at a. Also,

n

@) h) = fila)(h)e] .

j=1
Proof.

(=) mi(x) = <x’e;> is linear hence differentiable. Trivial by chain rule.

(<)
fla+h)= Z fila+ h)e)
= Z(fj(a) + fi(a)(h) + €;(R)[|h|])e;
= fla)+ (Z f;<a><h>e;) . (Z q(h)eg) I,
where the last term is o(||h]]). O
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Proposition 7.14 (Linearity and product rule). Let f,g: U = R", ¢ : U — R, where U C R™
is open. If f, g, ¢ are differentiable at a € U, then so are f 4+ g and ¢ f, and

(f+9)(a) = f'(a) +d'(a),
(9f) (a)(h) = ¢'(a)(h)f(a) + ¢(a) f'(a)(h) .

Proof. Have
fla+h) = f(a)+ f'(a)(h) + ol[|A]]),
gla+h) = g(a) +g'(a)(h) + o(|[]]) ,
¢(a+h) = ¢(a) + ¢'(a)(h) + of[|A]]) -
Hence

(f +9)a+h)=(f+9)(a) + (f'(a) + g'(a))(h) + o([[]]) -

We can do the same thing to derive the product rule, but here we will provide an alternative
proof. Let F: U — R x R" = R"™! by z — (¢(2), f(x)), and G : R X R® — R" by (a,z) — ax.
F is differentiable by the previous proposition, and G is differentiable since it is bilinear. Hence
of = G o F is differentiable and we can obtain the form of the derivative by chain rule. (|

7.3 Directional and Partial Derivatives

While the definition of the derivative is good, it is purely existential. This is unlike the definition of
differentiability of real functions, where we are asked to compute an explicit limit if the limit exists,
that’s the derivative. If not, it is not differentiable. In the higher-dimensional world, this is not the
case. We have completely no idea where to find the derivative, even if we know it exists. So we would
like an explicit formula for it.

The idea is to look at specific directions instead of finding the general derivative. As always,
let f: U — R"™ be differentiable at a € U. Fix some non-zero u € R™, take h = tu with ¢t € R.
Differentiability tells

fla+tu) — fa) = f'(a)(tu)

Jim, 2] =0
oy Lt
fla+tu) — f(a)

< f'(a)(u) = lim
We derived this assuming u # 0, but this is trivially true for « = 0. So this is valid for all v € R™.

This is of the same form as the usual derivative, and it is usually not too difficult to compute
this limit. Note, however, that this says if the derivative exists, then the limit above is related to
the derivative as above. However, even if the limit exists for all u, we still cannot conclude that the
derivative exists. Regardless, even if the derivative does not exist, this limit is still often a useful
notion.

Definition 7.15. Let f: U — R™, where U C R™ is open. For u € R™ and a € U, the directional
derivative of f at a in the direction of w is the limit

fla-+tu) = f(a)

Dufla) = Jim t
By definition, we have
d
D,f(a)= —| fla+tu).
dt],_g
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Often, it is convenient to focus on the special cases where u = e;, a member of the standard
basis for R™. This is known as the partial derivative. By convention, this is defined for real-valued
functions only, but the same definition works for any R™-valued function.

Definition 7.16. The j-th partial derivative of f : U - R at a € U C R™ is

D, f(a) = iy 1012 21

if the limit exists. This is often written

ofr

:aCEj.

Dejf(a) = Djf(a)

Note that these definitions do not require differentiability of f at a. We will see some examples
shortly. Before that, we first establish some elementary properties of differentiable functions.

Proposition 7.17. Let U C R™ be open and a € U.

(i) If f:U — R" is differentiable at a, then the directional derivative D, f(a) exists for any
u € R™ and

D,f(a)=Df(a)u.

(ii) If f = (f1,..., fn) : U — R"™ is differentiable at a, then all partial derivatives D, f;(a) exist for
alli=1,...,n,57=1,...,m, and are given by

Djfi(a) = Dfi(a)e; .
(iii) If A is the matrix representing D f(a) with respect to the basis for R™ and R", i.e. for any

heR™,
Df(a)h = Ah.

Then A is given by
Aij = (Df(a)e;|bi) = Djfi(a),

where {e1,...,e,} and {b1,...,b,} are the standard basis of R™ and R" respectively.

Remark. This is often expressed in the form
f'(a)(h) = hiD;if(a).
i=1

Proof.
(i) Obvious from above discussion.
(ii) Obvious from above discussion.

(iii) This follows from the general result for linear maps: for any linear map represented by a m x n

matrix (A4;;), we have
Aij = (Aejlb) .

Apply this with A = D f(a) and note that for any h € R™,
Df(a)(h) = (Dfi(a)h,...,Dfm(a)h).
So done. 0

Definition 7.18. Let f be differentiable at a. The Jacobian matriz of f at a, denoted Jy(a) is the
matrix of f/(a) with respect to the standard bases

6:51- ’

(J(a))ji = (Dif(a)|ej) = m;(Dif(a)) = Dif;(a)
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The above says differentiability at a point implies the existence of all directional derivatives, which in
turn implies the existence of all partial derivatives. The converse implication does not hold in either
of these.

Ezample. Define

f:R?SR
0 zy =0
(z,y) —
1 zy #0.
Then the partial derivatives at (0,0) are
of _of
or  dy

In other directions, say u = (1,1), we have

Duf(0,0) = iy LOD T ZJO.0) 1

which diverges. So the directional derivative does not exist.

Ezample. Define

f:R* SR
3
T
—  y#0
(@,y) =4 vy
0 y=20.
Then for u = (u1,us) # 0 and ¢ # 0, we can compute
tu?
f((0,0) +tu) — f(0,0) _ v ug 7 0
t 0 UQZO.

So

t
and the directional derivatives exist in all directions. However, the function is not differentiable at
(0,0), since it is even not continuous there.

Ezample. Define

f:R* =R
mS

(z,y) > { 22+ 92 (z,y) # (0,0)
0 (z,y) = (0,0).

It is clear that f is continuous at points other than (0,0). f is also continuous at (0,0) since
|f(x,y)| < |z|. We can compute the partial derivatives as

0

of | o,
Or Jy

In fact, we can compute the difference quotient in the direction u = (uy,us) # (0,0) to be

f((0,0) + tu) — f(0,0) uy

t ud +u3’
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So we have

ui

Do f(0,0) = ——1— .
u%Jru%

We can now immediately conclude that f is not differentiable at (0, 0), since if it were, then we would

have
D, f(0,0) = Df(0,0)u,

which should be linear in w, but this is not.

Alternatively, if f were differentiable, then we have

Df(0,0)h= (1 0) (Z;) =hy.

However, we have
il N E

which does not tend to 0 as h — (0,0). For example, if h = (t,t), this quotient is —23/2 for t # 0.

To decide if a function is differentiable, the first step would be to compute the partial derivatives.
If they do not exist, then we can immediately know the function is not differentiable. However, if
they do, we then have a candidate for the derivative, and we can plug it into the definition to check
that if it is actually the derivative.

This is a cumbersome thing to do. It turns out that while the existence of partial derivatives does
not imply differentiability in general, we can get differentiability if we add some slight conditions.

Theorem 7.19. Let U C R™ be open, f : U — R™. Let a € U. Suppose there is some open ball
D, (a) C U such that

(i) D;jfi(z) exists for every & € Dy(a), 1 <i<n,1<j<m
(ii) D, f; are continuous at a forall 1 <i<n,1<j<m.
Then f is differentiable at a.

Proof. We only need to prove for the n = 1 case, as for n > 1, we can break f into components. For
each h = (h1,...,hy) € R™, we have

f(a+h)_f(a):Zf(a+h1€1+"'+hjej)_f(a‘f‘hlel‘f‘"“i‘hjflejfl)-

j=1
For convenience, write
B =hiei +---+hje; = (hl,...,hj,O,...,O).

Then we have

fla+hrY) — fla+nU~Y)

fla+h) = f(a)

<
I
=

f(a + h(j_l) + hjej) — f(a + h(j_l)) .

o

.
Il
A

Note that in each term, we are just moving along the coordinate axes. Since the partial derivatives
exist, the mean value theorem of single-variable calculus applies to

g(t) = fla+ U= 4 thje;)

58



7 Differentiation IB Analysis and Topology

on the interval ¢ € [0, 1] allows us to write this as

fla+h)— hiD;f(a+hY™Y +0;hje;)

\E HMS

thjf(a) + Z hj (Djf(a + h(jil) + thjej) — Djf((l)>
j=1

<.
Il
—

for some 6; € (0,1).

Note that D;f(a +hU=Y + 0;hje;) — Djf(a) — 0 as h — 0 since the partial derivatives are
continuous at a. So the second term is o(||h||), so f is differentiable at a with

a)h = Z D, f(a)h;

Example. As a random example,

fiRP = R?
(z,y,2) — (322 + 4siny + 5%, zyzell?)

is differentiable everywhere since it has continuous partial derivatives.

7.4 Mean Value Inequalities

So far, we have just looked at cases where we assume the function is differentiable at a point. We are
now going to assume the function is differentiable in a region, and see what happens to the derivative.

Recall the mean value theorem for single-variable calculus: if f : [a,b] — R is continuous on [a, b]
and differentiable on (a,b), then

f(0) = f(a) = f(e)(b—a)
for some ¢ € (a,b). Here we have an exact equality. However, in general, for vector-valued functions,
this is no longer true. Instead, we only have an inequality.

We will first prove the case when the domain is a subset of R.

Theorem 7.20. Let f : [a,b] — R™ be continuous on [a, b] and differentiable on (a,b). Suppose there
is some M such that for all ¢ € (a,b), we have |[Df(¢)|| < M, then

1£(0) = fla)l]] < M(b—a).
Proof. Let v = f(b) — f(a). Define

n

g(t) =v- f(t) = vifi(t).

i=1

Since each f; is differentiable, g is continuous on [a, b] and differentiable on (a,b) with

g'(t) = uflt).

Hence, we know

)] <

n 1/2
sz < oll (Z ff(t)) = [olllDfFO] < Mol

i=1
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We now apply the mean value theorem to g to get
g(b) = g(a) = g'(t)(b - a)
for some t € (a,b). By definition of g, we get
v (f(b) = fa)) = g'(t)(b—a).
By the definition of v, we have
1£(b) = F(@)lI* = 1g'(1)(b = a)| < (b— a)M||f(b) — f(a)l.
If f(b) = f(a), then there is nothing to prove. Otherwise, divide by || f(b) — f(a)|| and done. O

We can now apply this to prove the general version.

Theorem 7.21 (Mean value inequality). Let a € R™ and f : D,(a) — R" be differentiable on
D, (a) with | Df(z)|| < M for all z € D,(a). Then

[£(b1) = f(ba2)[| < M|[by — bel
for any by, by € Dy(a).

Proof. We will reduce it to the previous m = 1 case.

Fix by,by € D,.(a). Note that
thy + (]. — t)bg € DT(a)

for all ¢ € [0,1]. Now consider
g:[0,1] - R"
t s f(thy + (1 —t)by).
By the chain rule, g is differentiable and
g'(t) = Dg(t) = (Df(tby + (1 = 1)b2))(b1 — b2) -

Therefore,
[Dg()[| < |1Df(tby + (1 — £)ba) [[|b1 — bl < M|by — bol -

Now we can apply the previous theorem and get
1 (b1) = f(b2)ll = [lg(1) — g(O)]| < M|by — b2]|-
O

Note that here we worked in a ball. In general, we could have worked in any convex set, since all
we need is for thy + (1 — t)b2 to be inside the domain.

But with this, we have the following easy corollary.
Corollary. Let f: D,(a) C R™ — R™ have Df(z) =0 for all z € D,(a). Then f is constant.
Proof. Trivial. O

We would like to extend this corollary. Does this corollary extend to differentiable maps f with
Df =0 defined on any open set U C R™?

The answer is clearly no, even for f : R — R. Consider f defined on disjoint intervals [1,2]U[3, 4],
where we define f(t) to be 1 on [1,2] and 2 on [3,4]. Then Df = 0 but f is clearly not a constant.
It is just locally constant on each interval.

The problem is that the sets are disconnected. We cannot connect points in [1,2] and points in
[3,4] with a line. Recall the notion of path-connectedness.
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Theorem 7.22. Let U C R™ be open and path-connected. Then for any differentiable f: U — R™,
it Df(x) =0 for all x € U, then f is constant on U.

A naive attempt would be to replace tby + (1 —¢)bs in the proof of the mean value theorem with a
path ~ : [0,1] — R™. However, this is not a correct proof, since this has to assume + is differentiable.
So this does not work in general. We have to think some more.

Proof. We are going to use the fact that f is locally constant. Wlog, let n = 1. Given any a,b € U,
we need to show that f(a) = f(b). Let v : [0,1] — U be a continuous path from a to b. For any
s € (0,1), there exists some e such that D.(v(s)) C U since U is open. By continuity of v, there is a
d such that (s — 4,5+ ) C [0,1] with v((s — d,s +9)) C Dc(v(s)) C U.

Since f is constant on D.(7(s)) by the previous corollary, we know that g(t) = f o~y(¢) is constant
on (s —4,s+9). In particular, g is differentiable at s with derivative 0. This is true for all s. So the
map g : [0,1] — R has zero derivative on (0,1) and is continuous on (0,1). So g is a constant. Then

9(0) = g(1), Le. f(a) = f(b). -

If v were differentiable, then this is much easier, since we can show ¢’ = 0 by the chain rule:

g'(t) = Df(v(t)Y'(t).

7.5 Inverse Function Theorem

Definition 7.23. Let U C R™ be open. We say f : U — R" is C! on U if f is differentiable at each
z € U and
Df:U — LR™R")

is continuous.

We write C1(U) or CY(U;R™) for the set of all C! maps from U to R™.

First, we get a convenient alternative characterisation of C.

Proposition 7.24. Let U C R™ be open. Then f = (fi,...,fn) : U = R is C! on U if and only
if the partial derivatives D; f;(x) exist for all z € U, 1 <i<n,1<j <mand D;f; : U — R are
continuous.

Proof. (=) Differentiability of f at « implies D, f;(x) exists and are given by
Dj fi(z) = (Df(x)e;|bi) ,
where {e1,...,en} and {b1,...,b,} are the standard bases for R™ and R"™. So we know
1D; fi(x) = D; fi(y)l = (D f(z) — Df(y))e;lbi)| < | Df(x) = Df(y)ll
since e; and b; are unit vectors. Hence if D f is continuous, so is D; f;.

(<) Since the partials exist and are continuous, by the previous theorem, we know that the derivative
Df exists. To show Df : U — L(R™,R") is continuous, recall

1Al =/ A%
Apply this to A= Df(z) — Df(y), get

IDf(@) ~ DFw)l = /3 S (D file) — Dy filw)?

So if all D;f; are continuous, then so is Df. O
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Finally, we can go to the inverse function theorem.

Theorem 7.25 (Inverse function theorem). Let U C R™ be open, and f : U — R" be a C!
map. Let a € U and suppose that Df(a) is invertible as a linear map R™ — R™. Then there exists
open sets VW C R with a € V, f(a) € W, V C U such that

f|vZV—>W

is a bijection. Moreover, the inverse map f |‘_,1 : W — Vis also C*.

We have a name for these functions.

Definition 7.26. Let U, U’ C R™ be open. A map g : U — U’ is a diffeomorphism if it is C* with a
C! inverse.

Then the inverse function theorem states that if f is C' and Df(a) is invertible, then f is a local
diffeomorphism at a.

Before proving this, let us first look at the simple case where n = 1. Suppose that f’(a) # 0, then
there exists a ¢ such that f/'(t) >0 or f'(t) <0int € (a —d,a+0). So f|a—s,a+s) is monotone and
hence is invertible. This is trivial. However, this is not trivial for n > 2.

Proof. By replacing f with (Df(a))~!f (or by rotating our heads and stretching it a little bit), we
can assume D f(a) = I, the identity map. By the continuity of D f, there exists some r > 0 such that
for all z € B,(a),

IDf() - 1] < 5.

By shrinking r sufficiently, we can assume B,.(a) C U. Let W = D, 5(f(a)), and let V = f~1(W) N
D,(a).

This is our setup. We need three steps to prove this theorem.

Claim 1. V is open, and f|y : V — W is a bijection.

Since f is continuous, f~1(W) is open. So V is open. To show f|y : V — W is a bijection, we have
to show that for each y € W, there is a unique = € V such that f(x) = y. We are going to use the
contraction mapping theorem to prove this. This statement is equivalent to proving that for each
y € W, the map T'(z) = = — f(z) + y has a unique fixed point z € V.

Let h(x) =  — f(z). Then note that
Dh(x)=1—-Df(x).

So by our choice of r, for every x € B,(a), we must have

[IDA(2)] <

N

Then for any z1,x9 € B,(a), we can use the mean value inequality to estimate
1
1h(z1) = hlz2)|| < 5y — ]l

Hence we know 1
IT(21) = T(@2)|l = [Ih(21) = hz2)l| < 5 ller — 22| -
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Finally, to apply the contraction mapping theorem, we need to pick the right domain for 7', namely
B (a). For any = € B,.(a), we have

IT(z) —all = llz - f(z) +y —all

= llz = f(z) = (a = f(a)) +y — f(a)]|
[7(2) = ha)[| + lly = f(a)

IN

1
< gl —all+lly = fa)l
<t+z

—+-=r.

572

So T : By(a) = D,(a) C B.(a). Since B,(a) is complete, T has a unique fixed point = € B,.(a), i.e.
T(xz) = z. Finally, we need to show = € D, (a), since this is where we want to find our fixed point.
This is true since T(x) € D,.(a) by above, so we must have x € D,.(a). Also, since f(z) =y, we know
x € f~Y(W) so # € V. This finishes the proof of our first claim.

It remains to show that f|y is invertible with a C* inverse.

Claim 2. The inverse map g = f |‘_/1 : W — V is Lipschitz and hence continuous. In fact, we have

lg(y1) — g(y2)ll < 2llyr — vall -

For any x1,22 € V, by the triangle inequality, we have

[z = @2fl = |[f(z1) = fl22)ll < [[(z1 = f(21)) = (w2 = f(z2))]|
= [|A(z1) = h(z2)]|

IN

: |21 — 22|

T — T2l -
171 2
Hence, we get

1 = 22 < 2[|f(z1) — f(z2)]]-
Apply this to 1 = g(y1) and 22 = ¢g(y2), and note that f(g(y;)) = y; to get the claimed result.

Claim 3. g is C!, and for all y € W,

Dyg(y) = Df(g(y)~". (t)

Note that if g were differentiable, then its derivative must be given by (f), since by definition, we
know

fla(y) =y,

and hence the chain rule gives
Df(g(y)) - Dg(y) =1I.

Also, we immediately know Dy is continuous, since it is the composition of continuous functions (the
inverse of a matrix is given by a polynomial expression of its components). So it suffices to check
that Df(g(y))~! satisfies the definition of the derivative.

First we check that D f(z) is indeed invertible for every = € B,.(a). We use the fact that

IDf(z) = 1]l <

DN | =

If Df(xz)v =0, then we have
1
[l = 1D f(z)o = vl < [Df(z) = Illllv]] < 5llv]l,

so we must have |[v]| =0 = v =0. So ker Df(z) = {0}. So Df(g(y))~! exists.
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Let « € V be fixed, and y = f(z). Let k be small and

h=gy+k)—g(y),

or in other words,
fa+h) - f@) =k

Since g is invertible, whenever k # 0, we have h # 0. Since g is continuous, as k — 0, h — 0 as well.
We have

gly+k) —gly) — Df(g(y)) 'k

&l
_h—Df(g(y) "'k
([l
_ Df(x)""(Df(z)h — k)
1Kl
_ —Df@@)"'(f(@+h) — f(z) — Df(x)h)
&l
- —pj(ay (Lt = DAt )
I i B
— _D#(z) -1 <f(fﬂ+ h) — f(z) = Df(@)h |lg(y + k) —g(y)H) .
I i [EDE
As k — 0, h — 0. The first factor —Df(x)~! is fixed; the second factor tends to 0 as h — 0; the
third factor is bounded by 2. The whole thing tends to 0, so done. O

Remark. Note that in the case where n = 1, if f : (a,b) — R is C! with f’(z) # 0 for every =,
then f is monotone on the whole domain (a,b), and hence f : (a,b) — f((a,b)) is a bijection. In
higher dimensions, this is not true. Even if we know that D f(x) is invertible for all x € U, we cannot
guarantee that f|y is a bijection. We only know that there is a local inverse.

Ezample. Let U = R? and f : R2 = R? be given by

f(z,y) = (e* cosy,e” siny) .

Then we can directly compute

__ (e®cosy —e¥siny
Df(z,y) = (em siny e®cosy ) '

Then we have
det(Df(z,y)) = ** #0
for all (x,y) € R%. However, by periodicity, we have
f(@,y+2nm) = f(z,y)

for all n € Z. So f is not injective on R2.

One major application of the inverse function theorem is to prove the implicit function theorem,
the statement of which is as follows.

Theorem 7.27 (Implicit function theorem). Let f : R*™™ — R™ ¢ C!, and let R"*™ have
coordinates (z,y). Fix a point (a,b) = (a1,...,an,b1,...,by) with f(a,b) = 0. If the Jacobian

matrix with respect to y
ofi
Jry(a,b) = (3?;)
j
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is invertible, then there exists an open set U C R" containing a such that there exists a unique
function g : U — R™ such that g(a) = b and f(x,g(x)) = 0 for all z € U. Moreover, g € C! and
denoting the Jacobian with respect to x as

afi
Jf,;c(a7b) = (axf]> ’

the Jacobian matrix of partial derivatives of g in U is given by the matrix product

(gi’)m = —(Tp (@0 (1.0 9)) -

The proof is really intricate so we will not do anything further.

7.6 Second Order Derivative

For real functions, we can immediately obtain the notion of higher derivatives, since the derivative
is just a normal function again. Here, things are slightly more complicated, since the derivative is a
linear operator. However, this is not too much of a problem since the space of linear operators are
just yet another vector space. We can use essentially the same definition.

Definition 7.28. Let U C R™ be open, f : U — R™ be differentiable, with derivative Df : U —
L(R™,R™). We say Df is differentiable at a € U if there exists A € L(R™, L(R™,R"™)) such that

}%ﬁ(pf(wh)—pf(a)—fm) 0.

For this to make sense, we need a norm on L(R™ R") (e.g. the sup norm), but such an A, if
exists, is independent of the choice of the norm as all norms are equivalent for a finite-dimensional
space.

This is in fact the same definition as our usual differentiability, since L(R™,R™) is a finite-
dimensional vector space isomorphic to R™™. So Df is differentiable if and only if Df : U — R™"
is differentiable with A € L(R™,R™"). This allows us to use our previous definitions and theorems
about differentiability.

Proposition 7.29. Let U C R™ open and f : U — R" be differentiable. Df is differentiable at
a € U if and only if the partial derivatives D;(D; fx) exist in a neighbourhood of a and are continuous
ataforalli,j=1,....,mand k=1,...,n.

Proof. Trivial. O

Definition 7.30. We denote the second-order partial derivatives

82

D;jf(a) = Di(Dj;f)(a) = M

f(a).

Let us now go back to the initial definition and try to interpret it. By linear algebra, in general,
a linear map ¢ : R! — L(R™,R") induces a bilinear map ® : R! x R™ — R" by

O (u,v) = p(u)(v) € R™.
In particular, we know

O (au + bv,w) = a®(u, w) + b® (v, w)
D (u, av + bw) = a®(u,v) + bP(u, w) .
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Conversely, if ® : Rl x R™ — R™ is bilinear, then ¢ : R — L(R™,R") defined by
¢(u) = (v O(u,v))

is linear. These are clearly inverse operations to each other. So there is a one-to-one correspondence
between bilinear maps ® : R! x R™ — R” and linear maps ¢ : R — L(R™ R").

Instead of treating our second derivative as a weird linear map in L(R™, L(R™,R")), we can view
it as a bilinear map R™ x R™ — R™.

Definition 7.31. For f : U — R"™ twice differentiable, we define the second derivative at a € U as
the bilinear map

D?f(a) : R™ x R™ — R"
(u,v) = D(Df)(a)(u)(v).

In coordinates, if we define
m m
u = Zuiei, v = Zviei,
i=1 j=1
where {e1,...,en,} is the standard basis for R™, then using the bilinearity, we have
m m
D*f(a)(u,v) = > > D*f(a)(e;, ;) uv; .
i=1j=1
This is very similar to the case of first derivatives, where the derivative can be completely specified

by the values it takes on the basis vectors.

In the definition of the second derivative, we can again take h = te;. Then

iy P (a +tei) — Df(a) —tD(Df)(a)(ei)
t—0 t

=0.

Note that the whole thing at the top is a linear map in L(R™,R™). We can then act the whole thing
on e; and obtain

i DI (@t te)(e) = Df(@)(e;) ~ tDDS)(@)(er)(e)

t—0 t

=0

for all i,j =1,...,n. By rearranging, we have

D2f(a)(es, ;) — lim 2L (aFtei)(es) = Df(a)(e;)

t—0 t
o Dif(atte) = Dif(@)
t—0 t

Hence, we have

D*f(a)(es,e5) = ) Dy f(a)by
k=1

where {b1,...,b,} is the standard basis for R™. So

D?f(a)(u,v) = Z Z D;;j fr.(a)uviby .

ij=1k=1

So far, we have been very careful about keeping the right order of the partial derivatives. However,
in most cases we care about, this does not really matter.
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Theorem 7.32 (Symmetry of mixed partials). Let U C R™ be open, f: U — R", a € U and
p > 0 such that D,(a) C U. Let i,j € {1,...,m} and suppose that D;D;f(x) and D;D; f(x) exist
for all x € D,(a) and are continuous at a. Then

D;Djf(a) = D;D;f(a).
Proof. Wlog, may assume n = 1. If i = j, then trivial. Let i # j, and define
9ij(t) = fla+te; +te;) — fla+te;) = fla+te;) + f(a).
Then for each fixed ¢, define ¢ : [0,1] — R by
o(s) = f(a+ ste; +te;) — f(a+ ste;) .

Then we get
93 (t) = ¢(1) — ¢(0).

By the mean value theorem and the chain rule, there is some ¢ € (0,1) such that
i (t) = ¢'(0) = t(D; f(a + bte; + te;) — D; f(a+ bte;)) .
Now apply the mean value theorem to the function
s = D;f(a + bte; + ste;),
there is some n € (0, 1) such that
gij(t) = t2D;D; f(a + Ote; + nte;) .
We can do the same for g;; and find some 0,7 € (0,1) such that
g;i(t) = t2D;D; f(a + Ote; + ijte;) .
Since g;; = gji, we get
t2D;D; f(a + Ote; + nte;) = t2D;D; f(a + Ote; + ijte;) .
Divide by t? and take the limit ¢t — 0. By the continuity of the partial derivatives, we get
D;D;f(a) = D;Dj;f(a).
d

Hence, whenever the second derivatives are continuous, the order does not matter. We can
alternatively state this result as follows.

Corollary. If f : U — R" is differentiable in U such that D;D; f(x) exists in a neighbourhood of
a € U and are continuous at a. Then Df is differentiable at a and

J

D? f(a)(u,v) = Z D;D; f(a)uv;
is a symmetric bilinear form.
Proof. This follows from the fact that continuity of second partials implies differentiability, and the

symmetry of mixed partials. O

Finally, we conclude with a version of Taylor’s theorem for multivariable functions.
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Theorem 7.33 (Second-order Taylor’s theorem). Let f : U — R be C?, i.e. D;D;f(x) exist
and are continuous for all z € U. Let a € U and D,(a) C U. Then

fla ) = f(a) + Df(@)h -+ 5D*f(a) (b, ) + B(h)

where E(h) = o(||h]%).

Proof. Consider the function
g(t) = fla+th).

Then the assumptions tell us g is twice differentiable. By the 1D Taylor’s theorem, we know

9(1) = 9(0) + ¢'(0) + 34"(5

for some s € [0,1]. In other words,
fla+h)= f(a)+ Df(a)h + %DQf(a + sh)(h, h)
= () + Df(a)h + 5D f(a)(h,h) + E(h),

where
B(h) = 5(Df(a+ sh)(h,h) — D* F(a)(h, 1))

Then )
[E(h)] < §!|D2f(a +sh) — D f(a)|||1]|*.

By the continuity of the second derivative, we get
|D?f(a+ sh) — D*f(a)|| — 0

as h — 0. Hence, E(h) = o(||h?). O
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Appendices: TA Analysis

A The Real Number System

Definition A.1. A set F together with two binary operations, say addition and multiplication, is a
field if elements in F' satisfy the axioms:

1. Closure. Ya, b€ F, a+b, ab € F}
2. Associativity. Ya, b, c € F, a+ (b+¢) = (a+b) + ¢, a(be) = (ab)c;

3. Commutativity. Ya, b€ F, a+b=0b+ a, ab = ba;

4. Distributivity. Ya, b, ¢ € F, a(b+ ¢) = ab + ac;

5. Additive identity. de € F such that Va € F, e + a = q;

6. Multiplicative identity. Ju € F, u # e such that Va € F, ua = a;
7. Additive inverse. Va € F, 3b € F such that a +b = ¢;

8. Multiplicative inverse. Va € F, a # e, 3b € F such that ab = wu.

Definition A.2. A totally ordered set is a set X with a relation < that satisfies
1. Transitivity. if x,y,z € X and x < y, y < z, then x < z;
2. Trichotomy. if x,y € X, exactly one of z < y, x =y and y < x holds.

Definition A.3. An ordered field is a field F with a relation < that makes [F into an ordered set such
that

1. ifx,y,z € Fand x <y, then x + z < y + z;
2. ifx,y,z € F, z <y and z > 0, then zz < yz.

Definition A.4. Let X be an ordered set and let A C X. An upper bound for A is an element x € X
such that Va € A, a < z. If A has an upper bound, then A is bounded above.

An upper bound z for A is the least upper bound or supremum if Vy < x, da € A such that a > y.
This is denoted as
supA ==x.

The greatest lower bound or infimum, denoted inf A is defined similarly.
Ezample. Let X = Q. The set {z]|2? < 2} is bounded above, but has no supremum as v/2 ¢ Q.

Definition A.5. An ordered set X has the least upper bound property if every non-empty subset of
X that is bounded above has a supremum.

Definition A.6. The real numbers are an ordered field with the least upper bound property.

B Convergence of Sequences and Series

B.1 Sequence

Definition B.1. A sequence is a function N — R (or C).
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Definition B.2. If a,, is a sequence of complex numbers, we say a,, = z asn — oo if Ve > 0, IN € N
such that Vn > N, |a, — z| < €, written

lim a, = z.
n—roo

We say that the sequence converges to z. Otherwise, we say a,, diverges.

Lemma B.3 (Archimedean property). Let F be an ordered field with the least upper bound
property, then

(i) the set {1,2,3,...} is not bounded above;

(ii) the sequence a, =1/n — 0 as n — co.
Definition B.4. A sequence a,, is bounded if 3R € R such that Vn € N,

lan| < R.

A sequence is eventually bounded if 3R € R and N € N such that Yn > N,
lan| < R.
Lemma B.5. An eventually bounded sequence is bounded.

Lemma B.6. Let a, and b, be sequences with limits a and b,

(i)
lim (a, +b,) =a+b;

n—oo

(ii)
lim (apby,) = ab;

n— o0

(iii) if b # 0, then
lim &2 =2
n—oo by, b’

Theorem B.7 (Sandwich rule). Let a, and b, be sequences that both converge to . Suppose
that a,, < ¢, <b, for every n. Then ¢, — .

B.2 Monotone Sequences Property

Definition B.8. A sequence a,, is increasing if a, < an41 for all n, and is strictly increasing if
ap < Ap41-

(Strictly) decreasing sequences are defined analogously. A (strictly) increasing or decreasing
sequence is called (strictly) monotone.

Definition B.9. An ordered field has the monotone sequences property if every increasing sequence
that is bounded above converges.

Lemma B.10. Least upper bound property <=- monotone sequences property.

Lemma B.11 (Nested intervals property). Let F be an ordered field with the monotone se-
quences property. Let I; O I, O ... be closed bounded non-empty intervals. Then

oo

N1 20,
n=1
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Definition B.12. Let a, be a sequence. A subsequence of a,, is a sequence of the form ay,,an,, ...,
where ny <no < ...

Theorem B.13 (Bolzano—Weierstrass theorem). Let F be an ordered field with the monotone
sequences property (in particular F = R). Then every bounded sequence has a convergent
subsequence.

Proof. Let ug and vg be a lower and upper bound respectively for a sequence a,. By repeated
bisection, we can find a sequence of intervals [ug, vo] 2 [u1,v1] 2 [ug,v2] 2 ... such that v, — u,, =

(vo — ug)/2™, and such that each [u,,v,] contains infinitely many terms of a,.

By the nested intervals property, (.o ;[un,vs] # 0. Let z belong to the intersection. Pick a
subsequence Gy, , Gn,, - . . such that a,, € [ug,vy]. We will show that a,, — =.

Let € > 0. By the Archimedean property, we can find K such that vg — ux = (vo — ug)/25 <e.
This implies that [ug,vk] C (z — €, + €), since x € [ug,vk]. Then Yk > K, an, € [ug,vg] C
[ur,vk] C (x — e,z +€). So |a,, —z| <e.

B.3 Cauchy Sequences

Definition B.14. A sequence a,, is Cauchy if for all € > 0, there exists some N € N such that
whenever p,¢ > N, we have |a, — a4| < €.

Ezample. The sequence {3,3.1,3.14,3.141, ... } in Q is Cauchy as the terms become arbitrarily close,
but it is not convergent as its limit = ¢ Q.

Lemma B.15. Every convergent sequence is Cauchy.

Theorem B.16 (General principle of convergence). Let F be an ordered field with the mono-
tone sequences property. Then every Cauchy sequence of F converges.

Definition B.17. An ordered field in which every Cauchy sequence converges is called complete.

Hence R is a complete ordered field.

Lemma B.18. An ordered field that is complete and has the Archimedean property satisfies
monotone sequences property.

B.4 Limit Supremum and Infimum

Definition B.19. Let a,, be a bounded sequence. Its limit supremum is
limsup a, = lim <Sup am> ,
n—00 n—=0 \m>n
and its limit infimum is

liminf a,, = lim < inf am> .

n—00 n—oo \ m>n

C Convergence of Series

Definition C.1. Let a, be a real sequence. For each N, define the N-th partial sum
N
SN = Z Ay .
n=1
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If the sequence Sy converges to some limit s, then we say that the series converges to s, written

0
E ap =S.
n=1

Lemma C.2. If Y7 | a, converges, then a,, — 0.

The converse is not true.

Ezample (Harmonic series). Let a,, = 1/n. Then

1 1 2n—1
SQ'!L—SQn—lzm'f'"’"’_%z on

1
2
and so Son > S7 4+ n/2. The series is therefore unbounded despite a,, — 0.

Ezample (Geometric series). Let |p| < 1, then we have

N
>t = 1=
L—p
n=0
and so
iﬂ" -
n=0 1_p

Lemma C.3 (Comparison test). Let a,, and b,, be non-negative sequences, and suppose that 3C' €
R and N € N such that Vn > N, a,, < Cb,,. Then if }_ b,, converges, then so does > a,.

C.1 Absolute Convergence

Definition C.4. A series ) a,, converges absolutely if the series Y |a,| converges.
Lemma C.5. If )" a,, converges absolutely, then 3 a,, converges.

Definition C.6. A series Y a,, converges unconditionally if the series > > r(n) converges for any
bijection 7 : N — N, i.e. no matter how we re-order the elements of a,, the sum still converges.

Theorem C.7. Absolute convergence <= unconditional convergence. Moreover, if Y a,, converges
absolutely, then for any bijection 7 : N — N,

oo oo
Z Ap = Z U,ﬂ-(n) .
n=1 n=1

C.2 Convergence Tests

Lemma C.8 (Alternating series test). Let a, be a decreasing sequence of non-negative real

numbers, and a,, — 0, then
o0

(_1)n+1an
n=1

converges.

Lemma C.9 (Ratio test). We have two versions:
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(i) If 3¢ < 1 and 3N such that Vn > N,

|ant1] <e,
an
then > a, converges.
(i) If 3p € (—1,1) such that
Gp41
-0,
Qn

then > a,, converges.

Lemma C.10 (Condensation test). Let a,, be a decreasing non-negative sequence. Then Y a,
converges if and only if

o0

Z QkGQk

k=1

converges.

We also have the integral test although we have not yet defined integrals.

Lemma C.11 (Integral test). Let f : [1,00) — R be a decreasing non-negative function. Then
>0 f(n) converges if and only if

/100f(x)dx<oo.

C.3 Complex Series

Most definitions so far carry over unchanged to the complex numbers. Two exceptions are least upper
bound and monotone sequences, because the complex numbers do not have an ordering.

A Cauchy sequence in C is convergent, as its real part and imaginary part converge respectively.
The Bolzano—Weierstrass theorem still holds. The nested-intervals property has a nested-box property
as a complex analogue. The ratio test also works in C.

Lemma C.12 (Abel’s test). Let a; > ay > --- > 0, and suppose that a,, — 0. Let z € C such
that |z| =1 and z # 1. Then

o0

converges.

D Continuous Functions

D.1 Continuous Functions

Definition D.1. Let Q CR and f: Q — R. Then f is continuous at a point a € Q if Ve > 0, 3§ > 0
such that Vy € Q, |y —a| < J, we have |f(y) — f(a)| <e.

f is continuous if it is continuous at every a € €.
Lemma D.2. Let 2 CR and f,g: 2 — R be continuous, then
(i) f+ g is continuous;

(ii) fg is continuous;
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(iii) if g # 0, f/g is continuous.

Lemma D.3. Let Q1,92 C Rand f: Q1 — Qg, g : Q5 — R. Then if f and g are continuous,
go f: 87 — R is continuous.

Theorem D.4 (Maximum value theorem). Let [a,b] be a closed interval in R and let f : [a, b] —
R be continuous. Then f is bounded and attains its bounds, i.e. Jz,y € [a,b] such that f(x) =

supp,p) f and f(y) = infjap f-

Theorem D.5 (Intermediate value theorem). Let « < b € R and let f : [a,b] — R be
continuous. Suppose that f(a) < ¢ < f(b). Then there exists an = € (a,b) such that f(z) = c.

D.2 Continuous Induction
Proposition D.6 (Continuous induction v1). Let a < b and let Q C [a,b] have the following
properties:
(i) a €
(ii) if € Q and x # b, then Jy € Q with y > x;
(iii) if Ve > 0, Jy € Q such that y € (z — €, ], then z € Q.

Then b € Q.

It can also be formulated as below.
Proposition D.7 (Continuous induction v2). Let Q2 C [a,b] and suppose
(i) a €
(ii) if [a,2] € Q and x # b, then there exists y > x such that [a,y] C
(iii) If [a, z) C §, then [a,z] C Q.

Then = [a, b].

E Differentiability

E.1 Limits

Definition E.1. Let 2 C R and let f : Q@ — R. Let a € Q. We say the limit of f at x = a is [,
written

lim f(@) = 1
if Ve > 0, 3§ > 0 such that Y0 < |z — a|] < 4§, we have |f(z) — ] <e.
Proposition E.2. Let f(z) — [ and g(z) - m as * — a. Then as z — a,
(i) f(z) +g(x) = 1+m;
(i) f(z)g(x) — lm;
(i) £(2)/g(x) = Lfm i m £0.
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Definition E.3. A function f: Q — R is differentiable at a € Q with a derivative A if
L f@) S

r—ra r —a

or equivalently

This is denoted

From this, we can recursively define the multiple derivatives of f.
Proposition E.4. f is differentiable <= f(z + h) = f(z) + hf'(z) + o(h).

Lemma E.5 (Sum and product rule). Let f,g be differentiable at x, then f + ¢g and fg are
differentiable at xz, with

(f+9)(2)=f(2)+g'(x)
(f9)'(x) = f'(2)g(z) + f(2)g' ()

Lemma E.6 (Chain rule). If f is differentiable at x and g is differentiable at f(z), then go f is
differentiable at x with derivative ¢'(f(z))f'(z).

Lemma E.7 (Quotient rule). If f and g are differentiable at « and g(x) # 0, then f/g is
differentiable at x with derivative

f /x _ f@)g(x) — g' (=) f(z)
(g) (=) = g(x)? '

Lemma E.8. If f is differentiable at x, then it is continuous at x.

Theorem E.9. Let f : [a,b] — [c,d] be differentiable on (a,b), continuous on [a,b] and strictly
increasing. Suppose that f’(z) never vanishes and f(a) = ¢ and f(b) = d. Then f has an inverse and
for each y € (¢,d), g is differentiable at y with derivative 1/f(g(y)).

E.2 Differentiation Theorems

Theorem E.10 (Rolle’s theorem). Let f be continuous on [a,b] and differentiable on (a,b).
Suppose that f(a) = f(b). Then there exists « € (a,b) such that f'(z) = 0.

Corollary (Mean value theorem). Let f be continuous on [a, b] and differentiable on (a, ). Then
there exists x € (a,b) such that
f(b) = f(a)

Py = =2

Theorem E.11 (Local version of inverse function theorem). Let f be a function with contin-
uous derivative on (a,b). Let z € (a,b) and suppose that f/(x) # 0. Then there is an open interval
(u,v) containing z on which f is invertible. Let g = f~1, then

for every z € (u,v).

This says that if f has a non-zero derivative, then it has an inverse locally and the derivative of the
inverse is 1/f".
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Theorem E.12 (High-order Rolle’s theorem). Let f be continuous on [a,b] and n-times differ-
entiable on an open interval containing [a,b]. Suppose that

fla) = f'(a) =+ = ["D(a) = f(b) = 0,
then 3z € (a,b) such that f((z) = 0.

Proof. Induct on n. The n =1 case is the Rolle’s theorem.

Suppose now we have k < n and z; € (a,b) such that f*)(x;) = 0. Since f*)(a) = 0, we can
find 2111 € (a, ;) such that f*+1(z;,1) = 0 by Rolle’s theorem. The result follows by induction.[]

Corollary. Suppose f and g are both differentiable on an open interval containing [a,b] and that
f®(a) = g*¥(a) for k =0,1,...,n — 1, and also f(b) = g(b). Then there exists = € (a,b) such that
F(x) = g™ (2).

Proof. Apply generalised Rolle’s theorem to f — g. O

For any f, we can find a polynomial p of degree at most n that satisfies the conditions for g, i.e. a p
such that p*)(a) = f®(a) for k = 0,1,...,n — 1 and p(b) = f(b). From this, we have the Taylor’s
theorem.
Theorem E.13 (Taylor’s theorem with the Lagrange form of remainder). Let f be contin-
uous on [a,a + h] and n-times differentiable on (a,a + h). Then

hn—l
(n—1)!

for some z € (a,a + h). The last term is the error term in Lagrange form.

f(a+h):f(a)+hf/(a)++

£ @) + ) )

E.3 Complex Differentiation

Definition E.14. Let f : C — C. Then f is differentiable at z € C with a derivative f’(z) if

i TG+ = 1)
h—0 h

exists and equals f’(z). Equivalently,

f(z+h) = f(2) + hf'(2) + o(h).

F Complex Power Series

Definition F.1. A complex power series is a series of the form

oo
g anz"

n=0

where z € C and a,, € C for all n. It is a function of z when it converges.

Lemma F.2. Suppose > a,z" converges and |w| < |z|, then Y a,w™ converges absolutely.

From this, we can define the radius of convergence of a complex power series.

Definition F.3. The radius of convergence of a power series Y a,z" is

R :=sup {\z| ’ Z anz" converges} .

Lemma F.4. The radius of convergence of > a,z" is
B 1
~ Tmsup(jan)/"°
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F.1 Exponential and Trigonometric Functions

Definition F.5. The exponential function is

which converges on all of C.
Definition F.6. Having two sequences a,, and b,,, their convolution is the sequence ¢, defined by

Cn = aoby, +a1bp—1 + -+ anbyg .

The relevance of this is

N N N
chz" = (Z anz"> (Z bnz"> .
n=0 n=0

n=0

Theorem F.7. Let > a, and }_ b, be two absolutely convergent series and let ¢,, be the convolution
of sequences a,, and b,. Then the series > ¢, converges absolutely and

S (S (50)

Definition F.8. We define sine and cosine to be

) iz e~ iz 2’3 N 25
singi= — =2 — — 4+ — —
2i 3! 5!
eiz +e—iz 22 2’4
Ccos 2 == =1—-—+4 +
2 2! 4!
Proposition F.9.
d
¥ = ¢*
dz
d .
—sinz = cos z
dz
—Ccosz = —sinz
dz

Definition F.10. Let x be the smallest positive real number such that cosz = 0. 7 = 2z.

From this, we have our familiar induction formulae, sum angle rule etc. for trigonometric functions.

Theorem F.11. Let Y a,2™ be a power series with radius of convergence R. For |z| < R, let

f(z)= Zanz" and g(z) = Znanznfl .
n=0

n=1

Then f is differentiable with a derivative g.

F.2 Hyperbolic Trigonometric Functions

Definition F.12. Define hyperbolic sine and cosine to be

coshz:ﬂzl—l—z—z—i—é—l—...
2 21 4!

sihe= € B
2 3! 5!

7



G The Riemann Integral IB Analysis and Topology

Proposition F.13.

— cosh z = sinh 2

dz

— sinh z = cosh 2z

dz

G The Riemann Integral

G.1 Riemann Integral
Definition G.1. Let [a,b] be a closed interval. A dissection D of [a,b] is a sequence a = z¢ < 1 <
Zg < -+ < xp =b. The mesh of a dissection D is sup(zit1 — ;).

Definition G.2. Given a dissection D of a interval [a,b] and f : [a,b] — R. The lower sum and
upper sum are defined by

Up(f) = Z(% —z;—1) sup f(z),
i=1 TE[Ti_1,mi]
Lp(f) = Z(xz —Ti-1) inf  f(x).

- r€[wi_1,24)
We often use the shorthand

Mi= s f(@), mi= inf fla).

w€[wi_ 1,2 T€[Ti—1,7]
Lemma G.3. Let Dy and Ds be two dissections of [a,b]. Then
Ule > L'D2f~

Definition G.4. The upper integral is

b
/ flz)dx = i%fUDf.
The lower integral is

b
/ f(z)de =sup Lpf.
a D

If these are equal, then we call their common value the Riemann integral of f, denoted

/abf(x) dz |

A function is Riemann integrable if its Riemann integral exists.

Proposition G.5 (Riemann integrability criterion). Let f : [a,b] — R. Then f is Riemann
integrable if and only if for any € > 0, there exists a dissection D such that

Up—Lp <e.

Lemma G.6 (Linearity of integration). Let f,g : [a,b] — R be Riemann integrable and A, € R.
Then Af + pg is Riemann integrable and

b b b
/)\erugdx:)\/ fderu/ gdx .
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Proposition G.7 (Additivity). Let f : [a,c] — R be integrable with b € (a, c), then

/acfdo:/abfdo:Jr/bcfdz.

Proposition G.8. If f,g: [a,b] — R are integrable, then fg is integrable.

Theorem G.9. A continuous function f on a closed bounded interval [a, b] is Riemann integrable.
Theorem G.10. Let f : [a,b] — R be monotone, then f is Riemann integrable.

Proof. Let € > 0. Let D be a dissection of mesh less than W Then

Upf —Lof =Y (i — xi1)(f(@:) = f(wi1))

i=1

= 70— la) £

= €.

Lemma G.11. A function f : [a,b] — R that is bounded and continuous on (a, b) is integrable.

An example is fol sin % dz. It is well-behaved apart from = = 0, so it is integrable.
Corollary. Every piecewise continuous and bounded function on [a, b] is integrable.
Theorem G.12 (The fundamental theorem of calculus).

(i) Let f:[a,b] — R be continuous and for = € [a, b], define

Flz) = /z Ft)dt .

Then F is differentiable and F'(z) = f(x).

(ii) Let f : [a,b] — R be a differentiable function, and suppose f’ is integrable, then

b
/ F(tydt = f(b) - f(a).

Proof.
(i)

h h

Let € > 0. Since f is continuous at x, then there exists § such that |y — x| < § implies
|f(y) = f(x)] < e If[h] < J, then

x+h
- ORI

F(zx+h)—F(z) 1 /“h Fo)dt

x+h
S BRCURN O

1
<
|h|
elh
~ Al

— €.

x+h
/ () — fa)|di
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(ii) Let D be a dissection g < - -+ < . write

n

FO) = fla) =Y fl@:) = flwioa).

i=1

For each 4, there exists u; € (x;_1,x;) such that f(x;) — f(zi—1) = (x; — xi—1)f'(u;) by the

mean value theorem. So
n

Fb) = fla) = (i — ai1) f (us).

=1

We know that f’(u;) is between  sup  f'(z) and inf  f'(x), so

IG[Ii,hxi] Ie[wifl’mi]

Lpf" < f(b) — f(a) <Upf'.

As f’ is integrable and D is arbitrary, the upper and lower sums can get arbitrarily close to the
integral, so

b
£0) - @)= [ .
O

Theorem G.13 (Integration by parts). Let f,g: [a,b] — R be differential with f’ ¢’ integrable.
Then

b b
/ f(@)g (@) dz = [f(z)g()], */ fl(@)g(x)da .

Theorem G.14 (Taylor’s theorem with the integral form of remainder). Let f be (n + 1)
times differentiable on [a,b] with f("*1) continuous. Then

_an b _ n
F6) = fla)+ (b —a)f'(a) -+ )fmmn+/‘@—ilﬂwﬂamw

n! n!

G.2 Improper integral

Definition G.15. Suppose there is a function f : [a,b] — R such that Ve > 0, f is integrable on
[a + €,b]. We define the improper integral

b b
[ s@ar=tim [ ) ac

if the limit exists, even if the integral does not exist.

Similarly, we may define
%) b
/ f(z)dz = lim f(x)dx
a b—oo J,

if it exists.
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